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ABSTRACT
In order to study the growth and evolution of circumstellar disks around classical Be stars, we analyze optical
time-series photometry from the KELT survey with simultaneous infrared and visible spectroscopy from the
APOGEE survey and BeSS database for a sample of 160 Galactic classical Be stars. The systems studied
here show variability including transitions from a diskless to a disk-possessing state (and vice versa), and
persistent disks that vary in strength, being replenished at either regularly or irregularly occurring intervals.
We detect disk-building events (outbursts) in the light curves of 28% of our sample. Outbursts are more
commonly observed in early- (57%), compared to mid- (27%) and late-type (8%) systems. A given system
may show anywhere between 0 and 40 individual outbursts in its light curve, with amplitudes ranging up to
∼0.5 mag and event durations between ∼2 and 1000 days. We study how both the photometry and spectroscopy
change together during active episodes of disk growth or dissipation, revealing details about the evolution of
the circumstellar environment. We demonstrate that photometric activity is linked to changes in the inner disk,
and show that, at least in some cases, the disk growth process is asymmetrical. Observational evidence of
Be star disks both growing and clearing from the inside out is presented. The duration of disk buildup and
dissipation phases are measured for 70 outbursts, and we find that the average outburst takes about twice as
long to dissipate as it does to build up in optical photometry. Our analysis hints that dissipation of the inner
disk occurs relatively slowly for late-type Be stars.
Keywords: stars: emission-line, Be - stars: oscillations - variables: general - techniques: photometric - tech-
niques: spectroscopic
1. INTRODUCTION
Classical Be stars are rapidly rotating, non-supergiant, B-
type stars that have, or have had, Balmer lines in emission
in their spectrum (Jaschek & Egret 1982). This emission is
attributed to a gaseous circumstellar disk in Keplerian orbit.
The disk is formed from material ejected from the star, some
of which diffuses outwards. Very rapid stellar rotation sig-
nificantly lowers the gravitational barrier, but an additional
mechanism is required to launch material into orbit (Rivinius
et al. 2013). Classical Be stars as a class are pulsators, and
there is growing evidence that suggests pulsation plays a key
role in the mass-loss mechanism (Rivinius et al. 1998; Kee
et al. 2014; Rivinius et al. 2016; Baade et al. 2016).
Discrete mass-loss events are a hallmark of classical Be
stars, and are sometimes called ‘flickers’ when they occur on
short timescales (<50 days; Keller et al. 2002), and are oth-
erwise referred to as ‘outbursts’ (e.g. Grundstrom et al. 2011;
Rivinius et al. 1998). We make no distinction based on the
duration, and refer to all such events as ‘outbursts.’ The sig-
nature of an outburst is seen in spectroscopy as a sudden en-
hancement of emission features, and typically manifests pho-
tometrically as a rapid brightening of the system (although,
for systems viewed nearly edge-on, outbursts cause a net dim-
ming). These events trace the outflow of material into the cir-
cumstellar environment. Once ejected, the material is then
governed mainly by gravity and viscosity. The viscous de-
cretion disk (VDD; Lee et al. 1991; Carciofi 2011) model is
currently the best framework by which to understand the be-
havior of these disks once they are formed. Recently ejected
material orbits the star, circularizing and diffusing outward
through viscous forces and orbital phase mixing. Simulta-
neously, a majority of the ejected mass falls back onto the
star. This matter that falls back supplies the outflowing matter
the required angular momentum that allows it to attain pro-
gressively wider orbits (Kroll & Hanuschik 1997; Haubois
et al. 2012). Line-driven ablation also potentially contributes
to disk dissipation (Kee et al. 2016).
This work is focused on studying the outbursts of classical
Be stars. We aim to gain a better understanding of how the cir-
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2cumstellar environment evolves as disks grow and dissipate,
and also to understand the general outburst properties of this
sample of Galactic Be stars. We do this by analyzing opti-
cal light curves, and infrared and optical spectroscopy. From
light curve analysis, we measure when outbursts occur, the as-
sociated timescales, and their photometric amplitudes. Light
curves trace the growth and subsequent dissipation of the in-
ner disk. Hydrogen emission features originating in the cir-
cumstellar environment indicate whether or not the star cur-
rently possesses a disk. The relative abundance of emitting
material can be inferred from the strength of the emission fea-
tures, and the shape of the line profile traces how the material
is distributed in velocity. Near-contemporaneous optical and
infrared spectra help us to better understand the radial struc-
ture of the disk, since different lines are generally formed at
different physical locations in the disk. Monitoring the evo-
lution of these observables reveals information about how the
disk is formed and how it evolves over time.
In Sections 2 and 3 we introduce the surveys, telescopes,
and instruments that supply the spectroscopic and photomet-
ric data, and describe how the data are analyzed. Section 4
describes the different regions of the disk probed by these ob-
servables. Results are presented in Section 5, beginning with
a detailed analysis of four individual systems, and concluding
with a more global view of outbursts in the sample. The con-
clusion follows (Section 6). Finally, an appendix highlights
additional interesting systems.
2. SPECTROSCOPIC DATA AND ANALYSIS
Throughout this work, we use spectroscopy from differ-
ent telescopes and instruments, and for different purposes.
Here we describe the origin of our spectroscopic data, and
the methods by which they are analyzed.
2.1. The Apache Point Observatory Galactic Evolution
Experiment survey
The Apache Point Observatory Galactic Evolution Exper-
iment (APOGEE) employs a 300 fiber spectroscopic instru-
ment characterized by high resolution (R ∼ 22,500), high
signal-to-noise ratio (S/N >100), and H-band near-infrared
(NIR) coverage (1.51 - 1.70 µm; Majewski et al. 2015; Wilson
et al. 2010). The instrument is attached to the Sloan Digital
Sky Survey 2.5 m telescope (Gunn et al. 2006). APOGEE-
I, a program in the Sloan Digital Sky Survey III (SDSS-III;
Eisenstein et al. 2011), has observed 238 classical Be stars,
128 of which are new discoveries (Chojnowski et al. 2015).
The APOGEE Be (ABE) sample includes other types of B-
type, emission-line stars (namely, Herbig Ae/Be and B[e] ob-
jects), which are not discussed here. We limit our discussion
in this paper to only the classical Be stars, hereafter referred
to as “Be stars.” The APOGEE data presented here is from
the twelfth data release of SDSS-III (Alam et al. 2015).
Disk emission features typically have two peaks on either
side of the line center, one being blue-shifted (the violet peak),
and the other red-shifted (the red peak). These peaks encode
information about the kinematic properties of the emitting
disk material. The velocity separations of the violet and red
emission peaks were measured interactively (visually) for all
Be star spectra with well-defined Brackett (Br) series line pro-
files. In interpreting the profiles of the H-Br lines, the models
of optically thin lines from Hummel & Dachs (1992) were
largely relied on. In the case of Be stars with Keplerian disks,
measuring the peak separations for optically thin lines gives a
lower limit to twice the projected rotational velocity (2 v sin i)
of the stars (Hummel 1994). For systems with double-peaked
line profiles, the systemic radial velocities (RVs) were esti-
mated by measuring the position of both the violet and red
peaks, and then taking the average of the two peaks as the line
center. This was done for each H-Br line in a given spectrum,
and the individual H-Br RVs were averaged to get a single RV
for each spectrum. In addition, the equivalent width (EW; de-
fined to be positive in absorption and negative in emission) of
the Br11 line (WBr11) was measured via direct summation of a
100 Å window centered on Br11, with typical errors of ∼0.32
Å. All of these measurements and more detailed explanations
of the methods used are provided in Chojnowski et al. (2017),
including both star-averaged and individual spectrum quanti-
ties. In this paper, we focus mainly on the Br11 line (centered
at 16811 Å), since it tends to be the strongest in the series, but
similar trends are seen in the other Br lines.
2.2. APO + ARCES
Due to a large fraction of the ABE star sample lacking
spectral type information in the literature, we obtained high-
resolution optical spectra of stars of interest using the Apache
Point Observatory (APO) 3.5m telescope and the Astrophys-
ical Research Consortium Echelle spectrograph (ARCES;
Wang et al. 2003). In each exposure, the ARCES instrument
covers the full optical spectrum (3,500–10,000 Å) at a reso-
lution of R ∼ 31,500, recording the light in 107 orders on a
2048x2048 SITe CCD. We used standard echelle data reduc-
tion techniques in IRAF1, including bias subtraction, scattered
light and cosmic-ray removal, flat-field correction, and wave-
length calibration via thorium-argon lamp exposures. The or-
ders were then continuum normalized, trimmed so as to allow
a 10 Å overlap between orders, and merged into a single one-
dimensional spectrum. Exposure times were estimated with
the goal of achieving an S/N of at least 50 at 4500 Å. The OB
spectral atlas of Walborn & Fitzpatrick (1990) provides an ap-
propriate set of standard stars to which ARCES spectra were
compared visually.
2.3. AO long-slit spectrograph
A number of our stars were also targeted using a low-
resolution long-slit spectrograph at Adams Observatory (AO),
Austin College. We used a grating with 1200 grooves per mil-
limeter that disperses the light to 0.54 Å per pixel in the wave-
length range 3850 - 4950 Å. The slit size is matched to a two
pixel width, and the resolution (λ/∆λ) varies between 3000
- 4500 across the spectrum. Data reduction procedures were
written in Python, and are explained in depth in Whelan &
Baker (2017).
2.4. The Be Star Spectra (BeSS) database
The BeSS database2 is a catalog that not only attempts to
include all known Be stars, but also contains spectra for about
half of the Be stars listed therein (Neiner et al. 2005). Dozens
of observers, both professional and amateur, have collectively
submitted over 100,000 spectra to the BeSS database. These
data come from a large variety of telescopes and instruments,
and are therefore of inhomogeneous quality, depending on the
1 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in As-
tronomy, Inc., under cooperative agreement with the National Science Foun-
dation.
2 http://basebe.obspm.fr
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expertise of the observer and the equipment used. However,
each spectrum is subject to a quality check for format and sci-
entific validity by the BeSS administrators before being incor-
porated into the database. Although any wavelength regime is
allowed, optical spectra are by far the most common type of
submission. When available, we consider spectra from the
BeSS database in our analysis. In particular, we focus on the
Hα line, which is a popular observable of Be stars, and is cov-
ered in a majority of BeSS spectra. This informs us about the
status of these disks at different epochs.
2.5. Optical spectroscopy and estimating spectral type
Whenever possible, we incorporate optical spectroscopy
into our analysis. This allows us to estimate spectral types
and to monitor the status of the disk at different epochs and at
different wavelengths. This is especially informative when the
H-band spectra, optical spectra, and photometry have overlap-
ping epochs.
With the exception of B and Be stars hotter than B1, for
which the presence and strength of He ii λ 4685 and the ratios
of Si iii/Si iv are used for spectral typing, spectral classifica-
tion of the majority of B and Be stars relies on the relative
strengths of the He i lines versus those of Mg ii λ 4481 and
Si ii λ 4128-4130. For instance, the relative strengths of the
He i λ 4471 Å and Mg ii λ 4481 Å lines offer a relatively
good proxy for temperature, although rotation is known to
play a role in interpreting their relative strengths (e.g., Gray &
Corbally 2009, and references therein). Luminosity class is
largely determined by the widths of the hydrogen Balmer and
metallic absorption lines. Spectral classifications of stars are
historically done by comparison to a set of spectra of known
spectroscopic standard stars. Morgan & Keenan (1973), for
example, provides one of the most complete sets of spectro-
scopic standard stars. A number of complications arise when
assigning spectral classifications to Be stars. They are very
rapidly rotating and therefore have broad spectral features.
This introduces difficulties, especially since rapid rotation can
alter the relative depths of lines with different intrinsic widths
(Gray & Corbally 2009). Rapid rotation adds further com-
plications besides line broadening. Be stars bulge outward
near the equator (due to their rapid rotation) and therefore
have a substantially higher surface gravity and temperature
at the poles compared to the equatorial region. The inclina-
tion angle of the star then influences perceived line strengths.
Line damping is yet another issue adding to the difficulty of
classifying Be star spectral types. This effect arises from the
filling in of absorption lines due to flux from the circumstel-
lar disk, making the absorption lines appear weaker than they
actually are. Furthermore, photospheric lines can have signif-
icant contributions from the disk, in addition to the continuum
line damping. As the amount of material in the disk is often
varying, so too do these effects change over time.
Because of these difficulties, spectral types for Be stars
must be considered carefully. All stars for which we present
new spectral classifications with temperature hotter than B1
have clear He ii λ 4685 absorption line detection, as well as
luminosity-sensitive lines like O ii. We expect our new clas-
sifications to be accurate to within ±0.5 in temperature class
for stars earlier than B2, thanks in part to features such as the
Si iii lines at 4552, 4567, and 4571 Å. For stars later than B2,
an uncertainty of ±1 in spectral type is typical, but some cases
(e.g. shell stars) have larger uncertainties of ±2. These uncer-
tainties are appropriate for the newly reported spectral types
presented here, but it is also prudent to apply similar levels of
caution to spectral types reported in the literature for Be stars,
especially when these are done in any sort of automated way.
Considering the uncertainties in the reported spectral types,
it is useful to adopt coarse bins in stellar temperature. For
stars that have not yet been spectral typed in this work, a des-
ignation from the literature is adopted. Following the con-
vention of Labadie-Bartz et al. (2017, hereafter “LB17”), we
consider “early-type” Be stars as those with spectral types ear-
lier than B4, “mid-type” Be stars have spectral types includ-
ing B4, B5, and B6, and “late-type” Be stars have spectral
types including B7 and later. Stars without a specific spectral
type (e.g. a spectral type of “Be”) are considered “unclassi-
fied.” Despite the difficulties in assigning a specific temper-
ature class to Be stars, they are still reliably cast into these
“early-,” “mid-,” and “late-type” designations (although we
can only be certain of this for stars newly spectral typed in
this work).
3. PHOTOMETRIC DATA AND ANALYSIS
The Kilodegree Extremely Little Telescope (KELT) is a
photometric exoplanet transit survey using two small-aperture
(42 mm) wide-field (26◦ x 26◦) telescopes, with a northern lo-
cation at Winer Observatory in Arizona in the United States,
and a southern location at the South African Astronomical
Observatory near Sutherland, South Africa. The KELT sur-
vey covers over 70% of the sky, obtaining photometric preci-
sion of ∼1% for ∼4.4 million objects in the magnitude range
of 7 < V < 13 with baselines of up to 10 years.
The effective passband that KELT uses is roughly equiva-
lent to a broad R-band filter. KELT light curves use JD (TT)
as the time system. The long baseline combined with a typical
cadence of 30 minutes and high photometric precision makes
the KELT dataset a valuable resource for studying variable
stars across a range of timescales and magnitudes. This is
particularly true for Be stars, which are variable on timescales
from hours to decades. See LB17 for more information about
the utility of KELT light curves for studying Be stars, and
Pepper et al. (2007, 2012) for more details about the KELT
survey.
The large pixel scale of KELT (∼23′′) can result in mul-
tiple objects casting light onto the aperture used to extract a
light curve for a given target, especially in crowded fields in
the Galactic plane. This can have two different effects. One
is that contaminating sources may broadcast a signal that is
then expressed in the light curve of the target object, despite
this signal having no origin in the target. The other is that
contaminating light from nearby sources will act to dampen
genuine signals that originate in the target. Despite being in
or near the Galactic plane, the majority of our targets (includ-
ing all of those discussed in detail) are significantly brighter
than any nearby neighbors. Also, the photometric signature
of outbursts is not easily imitated by impostors. We make
the assumption that the outbursts we detect are attributed to
the Be star target in all cases. All stars in this sample are
confirmed to be within the range of spectral types where the
Be phenomenon is found, and are confirmed to have emis-
sion consistent with classical Be stars (seen in their APOGEE
spectra). The exception are the ‘quiescent’ systems (labeled
like “ABE-Q01”), which are previously known Be stars that
show no signs of emission in their APOGEE spectra. This is
not to say that these quiescent systems are not Be stars, but
just that they do not happen to have a detectable disk at the
times they were visited by APOGEE. The main consequence
4of the large pixel scale of KELT is the dilution of the am-
plitude of the Be star variability, caused by the presence of
nearby (and typically much fainter) sources. Inspection of the
sky in the vicinity of each of our targets reveals that this con-
tamination is a minor issue in the large majority of cases. The
most severe consequence of this might be the suppression of
outburst amplitudes to the point of non-detection, but this is a
realistic scenario in only a small number of particularly con-
taminated sources. Although it is difficult to exactly quantify
the degree of dilution, this effect is small in practice, since
nearly all of the active, outbursting Be stars in this sample are
only marginally blended. In other words, we assume that all
detected outbursts are attributed to the target Be star, and that
the photometric amplitudes are only minimally suppressed.
The catalog of ABE stars was cross-matched to the KELT
catalog, and 171 Be stars were found to exist in both data
sets. However, five of these light curves have saturation ef-
fects that can greatly complicate the analysis, and an addi-
tional six have been found to not be classical Be stars (Cho-
jnowski et al. 2017). Our sample then consists of 160 Be stars,
all of which have KELT light curves and multiple APOGEE
spectra, with about half also having optical spectra. Of these,
120 are observed by KELT-North, 33 are observed by KELT-
South, and 7 are observed by both KELT-North and KELT-
South (the joint field J06). These light curves are available for
download in machine-readable format in the .tar.gz package
Outbursts are a common feature in the light curves of Be
stars and are typically characterized by a monotonic increase
in the brightness of the system (the ‘rising phase,’ where the
disk grows), followed by a decay back toward baseline (the
‘falling phase,’ where the disk dissipates). Rivinius et al.
(1998) and Huat et al. (2009) refer to these as the ‘outburst’
and ‘relaxation’ phases. In our terminology, these two distinct
phases comprise a single outburst. In shell Be stars (which
are simply Be stars viewed nearly equator-on), this trend is
reversed, and an outburst begins with a fading of the system,
followed by a return toward baseline. This reversal is solely
a consequence of the inclination angle (Haubois et al. 2012;
Sigut & Patel 2013). At low to intermediate inclination an-
gles, the presence of a disk increases the brightness of the
system. At high inclination angles (nearly equator-on), a disk
will cause the net brightness of the system to decrease, as stel-
lar flux in the optical is both absorbed and scattered out of our
line of sight (Haubois et al. 2014). At an inclination angle of
∼ 70◦, there is effectively no net change in the optical contin-
uum flux during an outburst, as the disk absorbs and scatters
approximately the same amount of flux that it emits along our
line of sight (Haubois et al. 2012).
Light curves for all stars in this sample were inspected visu-
ally for the presence of outbursts, which are identified by their
morphology. The number of discrete outburst events for each
object is tallied whenever tractable, and is used to calculate
the rate at which outbursts occur for a given system (outbursts
per year). We also measure the duration of the initial rising
phase and the subsequent falling phase, as well as the photo-
metric amplitude of the event, by a close visual inspection of
the light curve. This can only be done for ‘well-behaved’ out-
bursts that are sufficiently sampled by KELT observations. It
is sometimes unclear exactly when an outburst starts, reaches
peak brightness, and ends. We account for this by including
uncertainties, which again are measured visually. Figure 1
shows how a typical outburst appears in a KELT light curve.
The duration of the rising and falling phases are shown, and
the amplitude is clear. The error bars represent the uncertainty
in the timing and amplitude. These uncertainties vary from
event to event, but the average values are about 4 and 7 days
for the duration of the rising and falling phases, respectively,
and about 0.015 mag in amplitude.
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Figure 1. A typical outburst, as seen in photometry for the star ABE-105.
The rising phase begins at JD=2456964 ± 3, and continues to rise up to a
maximum brightness at JD=2456979 ± 2, 15 days later. Then, the falling
phase ensues, lasting 33 days until JD=2457010 ± 5. The system brightens
by a maximum of 0.246 ± 0.013 magnitudes. The green points and error bars
represent the adopted values and uncertainties in these measurements.
4. FORMATION LOCI OF OBSERVABLES
Throughout this work, we deal mainly with three differ-
ent observables – visible continuum photometry (KELT), the
Brackett series in the NIR (APOGEE), and visible spec-
troscopy (mainly the Hα line; ARCES, AO, and BeSS). These
three observables are sensitive to different parts of a Be star
disk. This idea, and relevant model predictions, is presented
and discussed in Carciofi (2011), which serves as a useful ref-
erence for estimating the disk regions probed by the observ-
ables used in this work. KELT photometry primarily probes
the inner ∼1–2 R∗ of the disk, as measured out from the stel-
lar equator. The NIR Br11 line probes the disk at larger radii,
out to ∼2–6 R∗ (Chojnowski et al. 2015). Hα traces an even
larger area of the disk, out to ∼5–15 R∗ (Rivinius et al. 2013),
or greater. Slettebak et al. (1992) find that Hα emission arises
in the range of 7–19 R∗, on average. Observations of Be stars
at longer wavelengths (e.g. millimeter or radio) reveal disks
that extend out to many tens or hundreds of stellar radii (e.g.
Klement et al. 2017). These more extended regions of the
disk are largely inaccessible to the modes of observation used
in this work. The exact extent that our observables probe de-
pends on many factors, including the stellar flux, inclination
angle, and the distribution of material in the disk (which varies
with time). Despite these complications, it remains generally
true that the KELT, Br11, and Hα observations probe what
we refer to as the “inner,” “mid,” and “outer” disk areas. We
stress that these regions are not rigidly defined, as applied in
this work. However, they are useful constructs when consid-
ering different types of data taken at similar times for a given
system. This scheme is qualitatively illustrated in Figure 2.
For all non-shell systems with both optical and NIR spec-
tra, there is a greater separation between the violet and red
peaks in the Br11 line compared to Hα. Multiple factors con-
tribute to this. When part of a disk is optically thick in some
line (which is not uncommon for Hα), non-coherent scattering
broadening can act to decrease the peak separation (Hummel
1994). This effect influences both the peak separation and the
emission-line profile. The orbital velocity of particles in the
Outbursts and Disk Variability in Be Stars 5
disk decreases with distance, so emission originating at larger
disk radii will also contribute to a smaller peak separation.
Variability in the disk tends to occur most rapidly in the in-
nermost regions, with timescales increasing with radius. In
part because Hα probes a much greater area of the disk rel-
ative to the other observables, the Hα line often exhibits the
most dramatic disk signatures, with emission features some-
times exceeding 10 times the continuum level.
KELT Br11 Hα
Figure 2. Simplified schematic view of a Be star with a flared disk. The
approximate extent of the regions from which our three main observables
arise are marked.
5. RESULTS
First, we discuss a few specific systems where spectro-
scopic observations coincide with photometric outbursts, re-
vealing information about these episodes through their vari-
ability. Additional illustrative examples are included in the
appendix. We then look at the general properties of outbursts
across the entire sample.
5.1. Individual systems
There are four systems (ABE-098, -138, -A01, and -026)
for which we provide a detailed analysis. For these stars, mul-
tiple APOGEE spectra are collected immediately before, dur-
ing, or shortly after an outburst as seen in the KELT data,
giving us snapshots of the circumstellar environment, with
additional context provided by the light curves. Multiple
archival spectra covering the Hα line are available from the
BeSS database for ABE-138, -A01, and -026, giving us even
more information about the changing circumstellar environ-
ment over a long baseline. Considering the different preferen-
tial formation loci of the various observables (as discussed in
§4), a picture emerges of the disk both growing and dissipat-
ing from the inside outward.
5.1.1. ABE-098 (= BD+63 1955 = HD 219523)
ABE-098 has a spectral type of B5V (this work, from an
ARCES spectrum). This is a system with two APOGEE spec-
tra taken prior to the onset of a photometric outburst and one
spectrum taken just following the falling phase. Figure 3
shows the KELT light curve in the top panel, with a zoom-
in on the region surrounding the outburst shown in the panel
below. Downward-pointing triangles indicate epochs of the
three APOGEE spectra, and the corresponding Br11 lines are
shown in the bottom panel. These spectra bracket the outburst
nicely, giving us information about the circumstellar environ-
ment both before the rising phase and after the falling phase.
The first spectrum has WBr11= 3.64 Å, and does not show ob-
vious double-peaked emission at JD0 = 2456195. There is
a slight bump just to the violet side of the absorption core,
which may be caused by noise, pulsation, or some circum-
stellar material, but there is no substantial Br11-emitting disk
at this time. The next spectrum (JD0 + 32 days) also shows
no evidence of a disk. There is then a four-day observing gap,
followed by a photometric outburst. At the epoch of the third
spectrum, JD0 + 60 days, the Br11 line shows a very clear disk
signature, with WBr11= 2.10 Å (and ∆vp = 304 km s−1). At
this point, the brightness of the system in the KELT passband
has relaxed back to baseline.
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Figure 3. Top: full KELT light curve (black), with red points showing the
data after applying a low-pass filter. Middle: zoom-in of an outburst. The
red lines show the nightly median. Bottom: APOGEE spectra, showing the
Br11 line. Triangles in the upper two panels indicate epochs of APOGEE
observations. We estimate a rising time of 6 ± 2 days, a falling time of 14 ±
4 days, and an amplitude of 0.14 ± 0.018 mag for this outburst.
This sequence demonstrates that photometric outbursts cor-
respond to the injection of stellar material into the circumstel-
lar environment, some of which settles into a disk. It also pro-
vides evidence for the ‘inside-out’ clearing of Be star disks
that is predicted by the VDD model. Since the brightness
of the system in the KELT bandpass has returned to baseline
(within observational errors) by the epoch of the final spec-
trum, there is no substantial inner disk at this time (otherwise
there would be some photometric excess). Yet, the emission
feature unambiguously shows the presence of a disk. Since
the Br11 line probes the disk out to greater radii than does the
KELT optical continuum photometry, the evidence for a disk
in the Br11 line and absence of a photometric excess in KELT
data implies that the inner-most region of the disk is sparse,
while some farther out Br11-emitting material remains. The
Br11 emission in the final spectrum shows a violet-to-red peak
(V/R) ratio that is slightly less than unity, suggesting some
asymmetry in the disk. This may indicate that the circumstel-
lar material has not yet been thoroughly mixed.
Put simply, prior to the outburst, there is no disk. Dur-
ing the rising phase, the inner disk grows. The falling phase
shows the inner disk dissipating. During the falling phase,
some amount of material has migrated radially outward and is
seen in the Br11 emission feature.
65.1.2. ABE-138 (= V1448 Aql = HD 180126)
Similar to the previous example, this Be star has multiple
spectra in the vicinity of an outburst. Photometry shows an
outburst with a short two-day rising phase, which is sampled
by APOGEE spectra at the onset of the rising phase, and at
peak brightness. These spectra give us a glimpse into the
changes in the circumstellar environment that accompany the
rising phase of this outburst.
Stellar parameters for ABE-138 are described by Fre´mat
et al. (2006), who found Teff = 20,000 ± 1,500 K, log g =
3.80 ± 0.10 (c.g.s), v sin i = 243 ± 20 km s−1, an inclina-
tion angle between 39◦ and 60◦, and a spectral type of B2
IV (nothing in our AO spectrum suggests that this estimate is
inaccurate). The full KELT light curve is shown in the up-
per panel of Figure 4, with downward-pointing triangles indi-
cating the epochs of the four APOGEE observations, which
occur in two groupings. Upward-pointing triangles indicate
epochs of Hα measurements from BeSS spectra. In the next
panel, a portion of the light curve that includes the outburst
near JD-2450000 = 6540 is shown. This baseline also in-
cludes four APOGEE and three BeSS spectra. In the next
row, the left (right) panel shows the Br11 lines from the first
(second) grouping of APOGEE spectra, with the difference
spectra plotted in the row below. The bottom panels show the
Hα line from 13 BeSS spectra, spanning about 10 years, and
with emission that varies in strength and sometimes disap-
pears completely. Multiple outbursts are apparent in the light
curve, and three of the four APOGEE spectra, and 8 out of the
13 BeSS spectra, show emission. This is a classical Be star
at an intermediate inclination angle, with mass-loss episodes
that are irregularly spaced and of varying amplitudes, and a
disk that appears and disappears, and varies in strength.
The first group of APOGEE spectra (at JD0 = 2456465, and
JD0 + 7 days) shows clear double-peaked Br11 emission, in-
dicating the presence of a disk at these epochs. There is no
obvious photometric excess at this time. It is possible that
the Br11-emitting disk can be traced back to a recent outburst
which may have occurred some time during the observing gap
between JD-2450000 = 6440 – 6450. The photometry imme-
diately after this gap shows a slight brightness enhancement
before returning to baseline, possibly suggesting the tail end
of an outburst. The majority of the change in WBr11 is likely
due to continuum normalization issues (particularly on the red
side of the line), but the decreasing emission in the line core,
and the change in the V/R ratio (from V/R > 1 to V/R ≈ 1)
is most likely real. The mean peak separation in these two
measurements is 369 km s−1.
The second grouping of spectra is valuable, as both are col-
lected during the rising phase of an outburst. The first of these,
taken at JD0 + 72 days, shows only a very weak disk signature
with WBr11= 2.70 Å. Two days later, at the peak brightness of
the outburst (JD0 + 74 days), there is clearly emission, and
WBr11= 1.99 Å. Using the values for WBr11 and magnitude at
the times of the final two spectra, we calculate ∆WBr11/∆t =
-0.36 Å d−1, and ∆mag/∆t = -0.04 mag d−1. It is possible
that the strength of the Br11 emission in the final spectrum is
somewhat suppressed due to line damping.
The circumstellar environment probed by the Br11 line is
highly asymmetric at the epoch of the final APOGEE spec-
trum, with 84.3% (15.7%) of the enhancement between the
final two APOGEE spectra originating from the violet (red)
side. Rapid cyclic variations in the ratio of the strength of the
violet and red peaks (V/R) are seen in other classical Be stars
during outbursts (e.g. µ Cen; Rivinius et al. 1998), which can
be explained if the outflow of material is not axisymmetric.
The so-called Sˇtefl frequencies are sometimes detected dur-
ing outburst events and are interpreted as tracing large-scale
gas- ircularization (e.g. Sˇtefl et al. 2000; Baade et al. 2016).
Through shearing and viscosity, a non-axisymmetric outflow
will evolve toward a symmetric disk over time, according to
the VDD model.
From the eight Hα measurements with well-defined emis-
sion peaks, we measure the peak separation and find the mean
value for ∆vp = 297 km s−1, with a standard deviation of
66 km s−1. This is lower than the mean peak separation of
the Br11 line, where ∆vp = 369 km s−1. Relative to Br11,
the smaller peak separation for Hα is likely caused by Hα-
emitting material at larger radii, having a relatively slow or-
bital velocity. Non-coherent scattering broadening may also
play a role if a portion of the disk is optically thick to the Hα
line at the epoch of any BeSS observations.
One Hα spectrum is made bold in Figure 4. With an epoch
of JD-2450000 = 6535, this spectrum is taken just four days
prior to the third APOGEE spectrum. It is clear that a typi-
cal disk signature is seen in Hα at this epoch, but only a very
weak (if any) disk signature exists in the Br11 line four days
later. This is naturally explained by the VDD model, which
predicts Be star disks both growing, and dissipating, from the
inside outward. Between the first and third APOGEE spec-
tra, the “inner” to “mid” disk has dissipated (to the point of
non-detection in KELT and APOGEE data), but the “outer”
disk remains largely intact, as evidenced by the three Hα
double-lined emission profiles observed in this time span (at
JD-2450000 = 6484, 6510, and 6534). The “outer” disk also
eventually dissipates, as there is no sign of Hα emission at
JD-2450000 = 7617.
5.1.3. ABE-A01 (= MWC 5 = BD+61 39)
Like the previous example of ABE-138, APOGEE ob-
served ABE-A01 during the rising phase of an outburst. Mor-
gan et al. (1953) assign this star a spectral type of B0.5IV
(nothing in our AO spectrum suggests this is inaccurate). Fig-
ure 5 shows the full KELT light curve, a zoomed-in view of
the outburst and the epochs of APOGEE observations, the
Br11 line profile of the three APOGEE spectra and their dif-
ferences, and five Hα spectra from the BeSS database. In all
spectra, from both APOGEE and BeSS, we infer the presence
of a disk, even when spectra are taken near photometric min-
imum (e.g. Hα at JD-2450000 = 6611 and 6997).
As the rising phase of the first outburst progresses and the
system becomes brighter, there is a growing amount of emit-
ting material, as evidenced by the increasingly negative val-
ues for the Br11 line EW (WBr11= -3.61, -5.13, and -6.37 Å,
in chronological order). The central depression partially fills
in, and the line profile edge becomes less sharp. The bulk of
the increasing emission arises in the wings of the line pro-
file. The growing emission wings can be attributed primarily
to electron scattering. As the density in the inner disk rises,
an increase in the electron scattering of line photons causes
the emission wings to grow, an effect that becomes stronger
as the amount of circumstellar material (and free electrons)
increases. The rising brightness in the light curve likewise
indicates a growing inner disk.
A decrease in peak separation (∆vp = 128, 130, and 108
km s−1, in chronological order) is seen in the final Br11 line.
This may be explained in part by the outer edge of the Br11-
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Figure 4. First row: raw KELT light curve in black, with red points showing
the data after applying a low-pass filter. Colored downward-pointing triangles
correspond to epochs of APOGEE observations, and upward-pointing trian-
gles indicate BeSS observations. Second row: zoom-in on the region above,
highlighting the outburst near JD-2450000 = 6540. The red lines show the
nightly median of the photometric data. Third row: the Br11 line of the first
(left) and second (right) groupings of APOGEE spectra. The value of WBr11is
shown in the upper-left corner. The number of days since the first APOGEE
spectrum is printed in the upper-right corner, with the JD-2450000 date in
parentheses. Fourth row: difference spectra between the first (left) and the
final (right) pairs of APOGEE spectra. Fifth row: Hα spectra from the BeSS
database, with the JD-2450000 dates in the upper right.
emitting disk moving out to larger radii, where material is
orbiting at lower velocities. Also, as the disk builds up and
becomes more dense, an increase in the optical thickness in
the Br11 line may act to decrease the peak separation through
non-coherent scattering of line photons.
Because the strength of the Br11 line is measured relative
to the local continuum flux, an increase in the continuum level
will serve to suppress the apparent strength of the line emis-
sion. Because of this, it is likely that the Br11 line is increas-
ing in absolute strength more dramatically than it is increasing
in its strength relative to the continuum flux (which is what is
plotted in Figure 5). Regardless of this effect, the increase in
the emission wings still indicates a growing inner disk.
By taking the difference between spectra (lower-left panel
of Figure 5), we can more clearly see how the Br11 emission-
line profile is changing. Beyond highlighting the growth of
the wings, the difference spectra allow us to compare the con-
tributions from the red and violet halves of the line profile.
Considering the difference between the second and first spec-
tra, 57.7% of the enhancement in WBr11 comes from the vi-
olet half of the line, and 42.3% from the red half. In the
difference between the third and first spectra, 46.3% of the
WBr11 enhancement comes from the violet half of the line, and
53.7% from the red half. Between the third and second spec-
tra, 32.0% of the WBr11 enhancement comes from the violet
half, and 68.0% from the red half. Asymmetry in the changes
of the Br11 line implies asymmetries in the disk as it grows
during this rising phase.
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Figure 5. Top: raw KELT light curve, with downward (upward) pointing tri-
angles indicating epochs of APOGEE (BeSS) observations. Middle: zoomed-
in view of the first outburst. Bottom: The left two panels show the Br11 line
of the three APOGEE spectra, with colors corresponding to the epoch of ob-
servation and the colored triangle markers in the light curve plots (upper),
and the differences between these (lower). The right panel shows the Hα line
from five BeSS spectra.
There are six discrete high-amplitude outbursts in the KELT
light curve (see the top panel of Figure 5), but not all of these
are sampled fully. The beginning of the rising phase is miss-
ing for the first, third, and fifth outbursts, and the final outburst
is only observed during part of the initial rising phase. There
is also other variability interspersed, with shorter timescales
and lower amplitudes. These six major outbursts occur with
some regularity, although they are not strictly periodic, vary-
ing somewhat in their amplitude and morphology. Their sim-
ilarities in shape and timing are apparent when the light curve
is phased to a period of 91.23 days, as shown in Figure 6.
Prompted by the interesting show of repeating outbursts,
the photometric data for ABE-A01 were subjected to a fre-
quency analysis, in order to search for signals with periods
shorter than three days. This upper limit on the periodic sig-
nals of interest was chosen based on the typical pulsational
periods of Be stars, and the timescales associated with Be
star rotation and Keplerian orbits in the region of the circum-
stellar environment in which KELT photometry is sensitive
to (Rivinius et al. 2013). This process requires first remov-
ing the high-amplitude variability on longer timescales (in-
cluding the six major outbursts), which dominate the light
8curve. In the same manner employed in Rivinius et al. (2016),
a Fourier-based high-pass filter was applied to the photom-
etry, iteratively identifying and removing low-frequency si-
nusoidal signals. This process results in a detrended light
curve with all long-term trends removed, suitable for recov-
ering signals with periods less than three days. The entire
detrended light curve was analyzed for periodic signals with
a generalized Lomb-Scargle (LS) periodogram (Press et al.
1992; Zechmeister & Ku¨rster 2009), as implemented in the
Vartools light curve analysis package (Hartman 2012).
The results of this analysis are shown in Figure 7. The
top panel shows the LS periodogram (black curve) out to a
frequency of 10 day−1. Higher frequencies were probed as
well (up to 500 day−1), but the periodogram is featureless
beyond 10 day−1. A single strong signal is detected at f1 =
0.53073 day−1. The other obvious peaks are aliases of this sig-
nal, caused mostly by the observing pattern of KELT (daily,
monthly, and yearly aliases). The red curve shows the pe-
riodogram after pre-whitening against f1. The middle panel
shows the periodogram in the immediate vicinity of f1 (left),
and the light curve phased to the corresponding period (right).
The bottom panel highlights the pre-whitened periodogram,
in the same frequency range as the above plot, and identifies
the top peak (of the pre-whitened periodogram) in this region.
Six separate and unique portions of the light curve, corre-
sponding to the six major individual outbursts, were analyzed
in this manner as well. This was done mainly to study f1 over
time. In each portion of the light curve, f1 is recovered at the
same frequency (to within ∼0.2%). This signal remains co-
herent (i.e. experiences no shift in phase) throughout the ob-
servational baseline and does not appear to significantly vary
in amplitude. The photometric signal does not appear to be
double- or triple-waved when phased to two or three times
the recovered period.
All of the observed features of f1 are consistent with stellar
pulsation. The frequency is within the range where pulsa-
tion in Be stars is expected, and is similar to the pulsations of
the class of slowly pulsating B stars, of which Be stars have
been conjectured to be a rapidly rotating and more compli-
cated sub-class of (Aerts et al. 2006; Kurtz et al. 2015). The
photometric amplitude is high (20.1 mmag), but not unusually
so (Balona 1995), especially since pulsation amplitudes tend
to be larger in early-type Be stars (Rivinius et al. 2013), which
is the case with ABE-A01 (B0.5IVe). The fact that this sig-
nal persists throughout the entire observational baseline and
remains coherent in phase is also consistent with pulsation.
So-called Sˇtefl frequencies are sometimes detected in the
light curves of Be stars. These signals are caused by asymme-
tries in the circumstellar material orbiting the star, which can
modulate the net observed flux (and also line profiles; Sˇtefl
et al. 1998, 2000). The period of the Sˇtefl frequencies is de-
termined by the orbital period close to the star, and can be of
a similar timescale as the periodic signal recovered in ABE-
A01. However, there are a number of reasons to doubt this as
the cause for f1. Sˇtefl frequencies are only found in conjunc-
tion with pulsational signals of similar, but slightly higher,
frequencies (e.g. Sˇtefl et al. 1998; Baade et al. 2016). There is
only one significant frequency in the light curve of ABE-A01.
Sˇtefl frequencies have so far only been detected in photometry
for Be stars that have high inclination angles, since a photo-
metric signal only manifests when the density enhancements
are projected against the stellar disk (e.g. Baade et al. 2016).
ABE-A01 is at a low inclination angle. The fact that the signal
is coherent (in phase and amplitude) over the entire observa-
tional baseline is an argument against the signal being a Sˇtefl
frequency, which are typically transient on timescales much
longer than the orbital period in the inner regions of the disk,
although exceptions are possible (e.g. η Cen; Rivinius et al.
2003). We therefore attribute f1 to pulsation.
It has been proposed that combinations of multiple pulsa-
tion modes can interact to control the ‘clock’ that dictates the
time-variable mass-loss rates of Be stars (Rivinius et al. 1998;
Kee et al. 2014). Such ‘combination frequencies’ are the pre-
ferred explanation for the low-frequency variability seen in
the Be star η Cen (Baade et al. 2016). Kurtz et al. (2015) ar-
gue that nonlinear mode coupling can give rise to combination
frequencies in Be stars that have higher amplitudes than the
parent frequencies. In this framework, the difference between
two pulsation modes can be referred to as the ‘difference fre-
quency’ (∆ f = | f1 - f2|, where f1 and f2 are the frequencies
of two pulsation modes). This ∆ f then describes the approxi-
mate frequency of the outbursts themselves.
We apply this idea to ABE-A01. Because the outbursts
are approximately evenly spaced, we can measure their pe-
riod (91.23 days) and therefore the frequency with which they
occur (0.01096 day−1), which we suppose is the difference
frequency. We then have ∆ f = 0.01096 day−1, and f1 =
0.53073 day−1. We are motivated to search for a second pul-
sation mode, which should occur with a frequency f2 = f1 ±
∆ f . The two solutions for f2 are 0.51977 day−1 and 0.54169
day−1. The bottom panel in Figure 7 shows our attempt to
search for the signature of a second pulsation mode, f2. This
panel shows the pre-whitened periodogram, with the position
of f1 indicated by a vertical dashed line, and our predictions
for possible expected values of f2 marked by vertical dotted
lines. After pre-whitening against f1, there are no peaks with
substantial power. However, there is a weak peak near one of
the frequencies expected for f2 (see the bottom panel in Fig-
ure 7). Although it is possible that this signal is astrophysical
and represents a pulsation mode in the star, this can neither
be confirmed nor ruled out with the available data. It should
be noted that ABE-A01 is viewed at a low inclination angle,
which can cause certain non-radial pulsation modes to have a
very low photometric amplitude, due to azimuthal averaging.
The lack of additional strong peaks (besides f1) in the peri-
odogram computed from the KELT light curve therefore does
not imply that the star oscillates in only one mode.
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Figure 6. Light curve for ABE-A01 phased to a period of 91.23 days, show-
ing that the outbursts occur with some regularity. Markers indicate the nightly
median magnitude after outlier removal. The different colors and markers
correspond to the six individual outbursts seen in the raw light curve in Fig-
ure 5.
5.1.4. ABE-026 (= V438 Aur = HD 38708)
Outbursts and Disk Variability in Be Stars 9
0.50 0.52 0.54 0.56
Frequency (d−1 )
0
50
100
150
200
250
L
S
 P
o
w
e
r f1 =0.53073 d
−1
0.2 0.6 1.0 1.4
Phase
0.04
0.02
0.00
0.02
0.04
∆
 m
a
g
A=20.1 mmag
P1 =1.8842 d
0.50 0.52 0.54 0.56
Frequency (d−1 )
0
5
10
15
20
25
L
S
 P
o
w
e
r f2 =0.51883 d
−1
0.2 0.6 1.0 1.4
Phase
0.04
0.02
0.00
0.02
0.04
∆
 m
a
g
A=7.3 mmag
P2 =1.9274 d
1 2 3 4 5 6 7 8 9 10
Frequency (d−1 )
0
50
100
150
200
250
L
S
 P
o
w
e
r f1
Figure 7. Frequency analysis for ABE-A01, after removal of low-frequency
variability. In each LS periodogram (top and left two panels), the black curve
shows the periodogram, and the red curve shows the periodogram after pre-
whitening against the top peak ( f1). Top: LS periodogram between 0.3 and
10 day−1. Middle: zoomed-in view of the top peak (left) and the light curve
phased to this period (right). The gray ‘+’ signs show the KELT data, larger
black circles show the data median-binned (with 25 bins in phase), and the
red curve is a sinusoidal fit to the median-binned data. Bottom: zoomed-in
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(the position of which is shown as a vertical dashed line). The two dotted
lines show the positions where we might expect to see another peak, if in
fact the outbursts in this system are modulated by a delta frequency. The
photometry is then phased to the strongest peak that exists in the vicinity of
these two predicted frequencies. It is unclear if this peak is caused by genuine
astrophysical variability, or is just a spurious peak caused by noise in the data
and/or the sampling rates of KELT.
Among all of the stars in this sample, ABE-026 has per-
haps the most dramatic outburst. Viewed nearly edge-on, this
is an excellent example of a shell star, where the growth of
a disk causes the system to appear fainter, and also results in
deep shell absorption in the hydrogen lines. Figure 8 shows
the KELT light curve, 12 APOGEE spectra taken over 382
days, and 10 Hα spectra from BeSS, with a baseline of nearly
3000 days. The first four years of KELT data show little vari-
ability, and the first BeSS spectrum (at JD-2450000 = 4890)
shows a broad absorption line with no evidence of emission
or shell absorption. At the very end of the fourth season in
the KELT light curve (approximately JD-2450000 = 5280),
the system begins to rapidly dim, indicating the onset of an
outburst. A spectrum from BeSS was serendipitously taken
during this rising phase3 at JD-2450000 = 5273, showing a
deep absorption core and broad emission wings, with a large
peak separation, indicative of a high-density inner disk and a
small Hα-emitting region, both facts consistent with a form-
ing disk. As the long falling phase of this outburst ensues,
the brightness of the system relaxes toward baseline, and the
Hα line continues to evolve. The emission wings evolve to-
ward a smaller peak separation, suggesting that the size of the
Hα-emitting region continues to grow outwards. Although
an increasing optical depth can also cause ∆vp to shrink, we
do not expect this to be a major contributing factor since the
disk is dissipating (becoming more diffuse), and not building
up. The final season of KELT data shows the system back
at its baseline brightness. A weak disk in Hα is present at
JD-2450000 = 7327, but has disappeared by JD-2450000 =
3 Although the system is dimming, we still refer to this as the rising phase
of the outburst, since the disk is growing.
7411. The disk has completed its life cycle in these observa-
tional modes, persisting for between 2047 and 2131 days.
It is likely that in addition to the major disk buildup phase
near JD-3450000 = 5280, some relatively minor outbursts
take place before the disk has completely dissipated in pho-
tometry and in Hα. There is enhanced light curve activity
near JD-2450000 = 5500–5700, and 6700, perhaps signify-
ing further mass loss. The enhancement in the high-velocity
wings of Hα at JD-2450000 = 7088 points to the addition of
some new disk material between JD-2450000 = 6997–7088.
ABE-026 was visited 12 times by APOGEE over a 382 day
span during the falling phase of the outburst. The Br11 line
of each spectrum shows a deep, narrow, absorption core, with
roughly symmetric emission wings. The difference between
the final and the initial spectrum is shown in the lower-left
panel of Figure 8. The absorption core becomes deeper, and
the emission wings enhanced, as the falling phase of the out-
burst progresses. There is an obvious increase in the opti-
cal continuum flux during this spectroscopic sequence, and
it is possible that the NIR continuum flux in the vicinity of
the Br11 line is likewise changing. Therefore, variability in
the Br11 line profile relative to the local continuum should be
treated with caution.
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Figure 8. Top: KELT light curve, with downward (upward) pointing trian-
gles indicating epochs of APOGEE (BeSS) spectra. Middle left: Br11 line
of 12 APOGEE spectra. Middle and bottom right: BeSS spectra, centered on
Hα. Bottom left: difference between the final and initial APOGEE spectra.
Spectroscopic epochs are indicated in the same manner as in Figure 4.
Part of the reason this outburst has such a long falling time
in its light curve is that we are not simply seeing some effect
of the inner disk, which is generally the case for non-shell
Be stars. Rather, we are mainly seeing the effect of stellar
continuum photons being absorbed and scattered out of our
line of sight by the intervening gas. So, even after the inner
disk has dissipated, we still see a flux decrement because the
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outer disk continues to partially obscure the star.
After the disk life cycle shown in Figure 8, this system ex-
periences another episode of disk growth and dissipation. Al-
though we have no photometric data covering this second cy-
cle at present, the KELT survey is ongoing, and further data
reduction will likely reveal at least some of this event. Hα
measurements from BeSS show the system evolving from a
diskless state at JD-2450000 = 7411, to having a shell profile
with emission wings at JD-2450000 = 7648. A third spec-
trum (ARCES; JD-2450000 = 7795) shows no disk signature
in Hα. This sequence of three spectra spans 384 days, which
is the maximum lifespan of the disk in this episode. This is
much shorter than the ∼2100 day lifespan of disk created by
the the first outburst.
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Figure 9. Spectra showing a new disk life cycle for ABE-026.
5.2. Global outburst properties
5.2.1. Outburst rates and photometric amplitudes
We detect one or more outbursts in 28% of our sample, be-
ing more often seen in early-type Be stars (57%), compared
to mid (27%) and late types (8%). See Table 1 for more de-
tails. These fractions are similar to the incidence rates of
Be star light curves showing outbursts in LB17 (51%, 20%,
and 5% of early, mid, and late types, respectively), where a
larger sample of 510 Be stars was studied with KELT light
curves. There are 32 Be stars among the 160 analyzed in this
work that also exist in the LB17 sample. These results reflect
the trend of earlier Be stars being more variable in general,
while later-type systems tend to have more stable disks that
last for longer times (e.g. Hubert & Floquet 1998; Rivinius
et al. 2013). This may be because early-type Be stars are in-
trinsically more prone to mass-loss episodes, or it could be
that the observational signature of outbursts in Be stars of later
spectral types is often too small to be detected with KELT. Ev-
idence for the latter of these points is emerging, in that cooler
Be stars create disks with surface densities that are too low
to leave an obvious observational signature in the visible con-
tinuum flux (Vieira et al. 2017). The observables used in this
paper are generally formed within the inner ∼20 R∗ of the
disk. The lack of any disk signature in optical photometry, or
in the Br11 or Hα lines does not mean that no disk exists, as
there may be material farther out than the region in which a
given observable is sensitive to.
For systems with one or more outbursts, the outburst rates
(outbursts per year) are calculated in the same fashion as in
LB17, by dividing the total number of detected outbursts in a
given system by its observational baseline, less the seasonal
gaps, and are shown in Figure 10. Some systems show out-
bursts, but have complex light curves where the total number
Table 1
Fractions showing outbursts
All Early Mid Late Unclassified
28% (44/160) 57% (31/54) 27% (6/22) 8% (5/61) 9% (2/23)
Fraction of stars showing one or more outbursts detectable in their KELT
light curve, according to spectral type. The category ‘all’ includes early-,
mid-, and late-type stars, as well as those without a specific classification.
of outbursts is not clear. These are not included in Figure 10
(since the discrete number of outbursts cannot be counted),
but are included in the fractions shown in Table 1 (because
they do show at least one outburst). Because outbursts are
more commonly observed in early-type stars, these domi-
nate Figure 10. There is a wide spread in the outburst rates
across the sample, with many systems showing zero or a
small number of outbursts, while others experience tens of
outbursts throughout their observational baseline. The me-
dian and mean of this distribution is 1.9 and 3.3 outbursts
year−1, respectively. For any given system, an outburst with a
larger amplitude generally corresponds to a larger mass ejec-
tion episode. With this in mind, it is not necessarily the case
that stars with high outburst rates have proportionally higher
mass-loss rates, since a single large outburst can eject more
material than many small outbursts. Table 3 includes the num-
ber of outbursts for each system.
There are 70 outbursts that are reasonably well-defined in
our light curve data, where we measure the photometric am-
plitude. The distribution of these amplitudes, in the approx-
imately broad R-band filter employed by KELT, is shown in
Figure 11. It should be kept in mind that outburst amplitude
depends strongly on inclination angle, which is not taken into
account here. Half a magnitude is an approximate upper limit
on the amplitude of Galactic Be star variability in the KELT
passband (see also LB17). Table 2 in the appendix includes
information for each outburst that was measured.
5.2.2. Correlations between falling and rising times
Whenever possible, the photometric amplitude and dura-
tion of the rising and falling phases are measured for an out-
burst captured in KELT photometry. These three quantities
can only be measured for outbursts that are reasonably well-
defined, and are thoroughly sampled in the light curve data,
such as the example in Figure 1. There are 24 objects with
such events (18 early, 4 mid, and 2 late types), from which we
measure 70 outbursts in total. Figure 12 shows the correla-
tion between rising time and falling time for 70 well-behaved
outbursts lasting 300 days or less. Although longer outbursts
are seen in a few cases, they are relatively rare and have large
uncertainties. Considering events shorter than 300 days al-
lows us to focus on outbursts of roughly comparable magni-
tude. The dashed line has a slope of 1. The majority of points
fall above this line, having longer falling, compared to rising,
times, and those that do not are close (within measurement
uncertainties). The median rising time is 8.3 days, and the
median falling time is 16.0 days. The median of the ratios of
falling time to rising time for this collection is ∼2. A best-
fit line to each group has a slope of 1.97, 1.88, and 6.54 for
early-, mid-, and late-type stars. This fit takes into account
measurement uncertainties by assigning each point a weight
proportional to one over the square of the error (in both the
x- and y-directions). Although the sample size is too small to
draw any definite conclusions and there is significant scatter,
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Figure 11. Histogram of outburst amplitudes. The amplitude in the KELT
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not taken into account here.
these results suggest that, for a single event, relative to the
rising time, the inner disk dissipates quickly for hotter stars
(early and mid types), and more slowly for cooler late-type
systems.
The observed trend of the rising time being shorter than
dissipation is a prediction of the VDD model. During disk
buildup, the photometric variability is governed mainly by
the timescales of matter redistribution over the inner disk,
while during dissipation (i.e. when mass injection into the
disk has significantly slowed or stopped), the inner disk is
instead fed by matter re-accreting back from the entire disk,
with naturally longer timescales. When an outburst occurs,
the falling phase will proceed more slowly if there is a pre-
existing disk. This ‘mass reservoir effect’ means that the dis-
sipation timescales depend not only on the outburst being con-
sidered, but also on the previous history of mass injection into
the disk (Ghoreyshi & Carciofi 2017). This effect is stronger
when the disk is more massive. Lacking sufficient knowledge
of the mass-injection history of the disks in this sample, we
make no attempt to correct for this effect, and report the values
measured from the photometric data with no regard to whether
or not a disk already exists prior to the outburst.
Nevertheless, there are a few systems with spectroscopic
data showing the lack of a pre-existing disk immediately be-
fore the time of outburst, meaning that there is essentially no
mass reservoir effect acting in these cases. ABE-098 (B5V),
as discussed in Section 5.1.1 has no Br11-emitting disk im-
mediately before the outburst that occurs near JD-2450000 =
6230, which has a ratio of falling to rising time of about 2.7.
ABE-154 and -162 both have a spectral type of B8, and each
experiences an outburst that is preceded by an APOGEE spec-
trum that shows no substantial Br11-emitting disk. So, for
these events, we expect no interference from the mass reser-
voir effect. The outburst in ABE-162 has a ratio of falling to
rising time of about 2.7. While the outburst that is bracketed
by APOGEE spectra in ABE-154 is not fully sampled, the
falling phase is many times (perhaps up to 10 times) longer
than the rising phase. We have no knowledge of the status of
the disk in the vicinity of the other outbursts in ABE-154, but
they have similarly long falling, relative to rising, phases, and
a similar baseline brightness. These two stars (ABE-154 and
-162) are responsible for all six of the late-type outbursts de-
picted in Figure 12. Even though this sample size is small and
the scatter large, the relatively large slope of the fit to falling
over rising time for late-type outbursts is likely not heavily
influenced by the mass reservoir effect.
The aforementioned late-type systems stand in stark con-
trast to the early-type systems that dominate Figure 12. The
majority of early-type stars with measured outbursts have sub-
stantial disks at all observed epochs, particularly ABE-164
(B0Ve, three measured outbursts), -184 (B1Ve, 15 measured
outbursts), -A01 (B0.5IVe, five measured outbursts), -A03
(B1Ve, five measured outbursts), and -A26 (B1 II/IIIe, 18
measured outbursts). Plots for these can be found in the Ap-
pendix (except for ABE-A01, discussed in Section 5.1.3). To-
gether, these five systems contribute 46 of the 56 measured
outbursts for early-type systems. These systems exhibit some
of the strongest spectroscopic disk signatures among the sam-
ple. Although the strength of these features varies over time,
they never approach a diskless state. All of the observed out-
bursts for these systems then occur while there is presumably
already a substantial disk. Therefore, we expect the mass
reservoir effect to ‘interfere,’ lengthening the time over which
the photometric dissipation phase takes place. Without a pre-
existing disk, it is reasonable to assume that a single typical
outburst in an early-type star would have a smaller ratio of
falling to rising time compared to the best-fit slope of 1.97
measured in this sample, seen in Figure 12.
5.2.3. Regularly repeating outbursts
There are five systems in our sample that show repeating
outbursts, similar to ABE-A01 (see Section 5.1.3). These are
shown in Figure 13, where the left column displays the full
KELT light curve, and the right column plots the data phased
to the period that best describes the timing of the outbursts.
Although these events repeat, they are not strictly periodic.
Instead, there are sometimes variations in the timing, ampli-
tude, and shape of the outbursts. Cycles may be skipped, and
additional outbursts sometimes occur, apparently at random.
A total of 35 Be stars with repeating outbursts are identified
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in LB17. There is some overlap between the present sample
and that used in LB17. Both ABE-A01 and -A03 were iden-
tified as having repeating outbursts in LB17. Future work is
planned to analyze the stellar properties and photometric be-
havior of all systems having repeating outbursts for which we
have sufficient data, with a focus on links between pulsation
and outbursts. However, a detailed analysis of these systems
is beyond the scope of this work.
6. CONCLUSION AND FURTHER WORK
We have analyzed optical light curves for 160 classical Be
stars to study the disk creation process, and to monitor the
evolution and demise of these disks once formed. These dis-
crete episodes of disk creation leave a generally consistent
imprint on a light curve, rising from baseline to a peak bright-
ness, then falling back toward baseline on a relatively longer
timescale. The frequency of occurrence, amplitude, and asso-
ciated timescales can vary greatly, not only from one star to
the next, but also for any given system. In most cases, out-
bursts occur with no discernible pattern. However, there are
some systems that experience outbursts that repeat at a nearly
regular rate and with similar amplitudes. ABE-A01 is one
such example, with four others shown in Figure 13. In this
sample, we find 44 stars (28%) to have at least one outburst
detected in their KELT light curve. On average, the duration
of the falling phase is about twice that of the rising phase for
early- and mid-type stars, and larger for late-type stars (see
Figure 12). Amplitudes up to ∼0.5 mag (in a wide ∼ R-band
filter) are seen (Figure 11). A higher degree of photometric
variability is seen in early-type stars, which are more likely to
have at least one detectable outburst compared to their cooler
counterparts (Table 1).
KELT light curves are generally sensitive to only the in-
nermost region of Be star disks, giving us clues as to how
the circumstellar environment closest to the star changes. By
including time-series spectroscopy of the hydrogen Brackett
series from the NIR APOGEE survey, and Hα spectra from
the BeSS database, we have many ‘snapshots’ of the circum-
stellar environment. This allows us to unambiguously infer
the presence of a disk, and also to measure its strength, pro-
jected velocity profile, and any asymmetries. By leveraging
spectra taken during active outburst phases, we showed that
the circumstellar environment can be quite asymmetric dur-
ing disk growth (ABE-138, -A01). The material settles into
a more axisymmetric configuration over time, according to
the predictions of the VDD model. Another advantage of
combining optical photometry and the Br11 and Hα lines is
that these observables probe different regions of the disk. In-
stances where these different observational modes are mea-
sured near-contemporaneously show evidence of the Be star
disk both growing and also dissipating from the inside out-
ward, in agreement with theoretical expectations.
The Be stars in this sample experience outbursts that oc-
cur over a wide range of timescales – days (e.g. ABE-138),
weeks (e.g. ABE-098), months (e.g. ABE-A01), and years
(e.g. ABE-026; and ABE-082, -160 in the Appendix for non-
shell stars). Other works have similarly observed apparent
outbursts over a large range in time. Analysis of Kepler data
has shown aperiodic Be star variability with amplitudes be-
low 10 mmag and timescales of days to weeks, which may
indicate small-scale outbursts (Balona et al. 2015; Rivinius
et al. 2016). On the other hand, some Be stars experience out-
bursts with timescales of many hundreds or thousands of days
and greater. These longer outbursts can leave a qualitatively
different light curve signature, where the rising phase is fol-
lowed by a plateau in brightness. This plateau can persist for
thousands of days, and even up to decades, so long as the disk-
feeding mechanism remains active. In this scenario, the inner
disk continues to be fed by mass ejected from the star, but at
some point becomes saturated, and the addition of new mate-
rial does not increase its brightness. These “more complete”
disk-building events are modeled in Haubois et al. (2012), and
are observed in some Be stars (e.g. ω CMa; Ghoreyshi & Car-
ciofi 2017). Be stars lose mass in episodes of vastly varying
intensity and duration. With this in mind, the outbursts ex-
plored in this work address only part of the story of Be star
mass loss.
Future work is planned to analyze the periodic variability
in the light curves of the Be stars in this sample, searching
for signs of pulsation, binarity, and other signals. Relation-
ships, or lack thereof, between the periodic behavior and the
outburst behavior of these systems will be explored. We also
aim to measure the amplitude and the rising and falling times
of outbursts in a much larger sample of Be stars for which
we have KELT light curves, in the same manner employed
in this work. The present sample of 70 outbursts from 24
individual Be stars described here is an early step toward un-
derstanding correlations between outburst rising and falling
timescales, amplitudes, and stellar spectral types. Improv-
ing on and extending these methods to a significantly larger
sample will allow for more quantitative statements regarding
the distribution of outburst properties and their dependence on
stellar spectral type.
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APPENDIX
ADDITIONAL EXAMPLES OF OUTBURSTS WITH COINCIDENT
SPECTRA
Here we highlight some interesting cases, where simulta-
neous photometry and spectroscopy reveal changes in the star
+ disk system. This selection shows diversity in light curve
and emission-line variability, demonstrating episodes of disk
growth and creation, inside-out disk clearing, and outwardly
migrating disks.
Table 2 provides information for the 70 well-defined out-
bursts where the rising and falling times, and the photometric
amplitudes are measured. Each of these is an event where
the brightness of the system increases first, then falls back to
baseline. This is partly because systems with low to interme-
diate inclination angles (i . 70◦) are more common than those
with higher inclination angles, and also because outbursts that
cause a net brightening tend to be more well-defined in the
KELT data compared to their inverted counterparts. Table 2
includes the date of the beginning and end of each rising and
falling phase, and the baseline and peak brightness associated
with each outburst event (in the KELT passband). Table 3
includes each object in this sample, reporting the ABE-ID,
a common identifier, V-band magnitude, a spectral type, the
corresponding reference, the Te f f class (early, mid, late, or
unclassified), number of APOGEE visits, the KELT field, the
first and last dates of KELT observations, and the number of
detected outbursts. Spectral type references of “New” indicate
that an object was discovered to be a Be star through inspec-
tion of APOGEE spectra, and is announced in Chojnowski
et al. (2015). These systems have neither an available litera-
ture spectral type nor has an optical spectrum been acquired
with APO-ARCES or the AO long-slit spectrograph.
ABE-027
A photometric outburst with an unusual morphology occurs
near JD - 2450000 = 5600. A slow rising phase is followed by
a much shorter falling phase, but the system beings to brighten
again before the falling phase is complete. A gap in cover-
age prevents a better understanding of this event. In the sea-
son following the outburst, there is a very slight photometric
excess, and Br11 shows a clear disk (Figure 14). A second
grouping of APOGEE spectra, taken ∼300 days after the first
group, shows no sign of emission, and there is no longer any
detectable photometric excess.
ABE-082
The large photometric amplitude and long falling timescale
apparent in the light curve of ABE-082 imply that a large
amount of mass is ejected in this outburst, although the ris-
ing phase occurs during a gap in coverage (see Figure 15).
The first grouping of three APOGEE spectra have an av-
erage WBr11= −6.50 Å and an average Br11 ∆vp = 273.2
km s−1. The second grouping of six spectra, taken about
a year later, shows much stronger emission with an average
WBr11= −12.05 Å, and a lower peak separation, with the av-
erage Br11 ∆vp = 239.1 km s−1. The diminished peak sepa-
ration from the first to the second group of spectra indicates
that the preferential formation radius has increased, and that
the disk is dissipating. This is corroborated by the decreasing
4000 4500 5000 5500 6000 6500 7000
JD - 2450000
0.15
0.10
0.05
0.00
0.05
R
e
l.
 m
a
g
ABE-027    TYC_2405-1358-1     
5400 5600 5800 6000 6200 6400
JD - 2450000
0.15
0.10
0.05
0.00
0.05
R
e
l.
 m
a
g
600 400 200 0 200 400 600
Velocity [km s−1 ]
0.90
0.95
1.00
1.05
1.10
F
λ
 /
 F
c
  +0 (5883)EW = -0.81
EW = 1.33 +47 (5930)
EW = 0.15 +48 (5931)
EW = 0.27 +57 (5940)
EW = 0.49 +83 (5966)
EW = 2.35 +350 (6233)
EW = 2.42 +354 (6237)
EW = 2.99 +355 (6238)
EW = 2.54 +372 (6255)
EW = 3.32 +373 (6256)
EW = 4.12 +381 (6264)
EW = 3.46 +382 (6265)Br11
Figure 14. Same as Figure 3, but for star ABE-027.
visible continuum flux in the KELT light curve. It is perhaps
unexpected that the strength of the Br11 line appears to in-
crease as the disk is dissipating. Because the strength of the
emission line is measured here relative to the local contin-
uum, the apparent increase in strength is best explained not
by an absolute increase in the amount of Br11 line emission,
but rather by a decrease in the strength of the local contin-
uum. This example demonstrates the need for caution when
interpreting relative line strengths for systems with significant
continuum variability.
ABE-154
This system has six detected photometric outbursts, one of
which is bracketed by APOGEE spectra, as seen in Figure 16.
Prior to the outburst, there is no sign of a disk. The Br11 line
∼200 days after the outburst shows a clear disk signature, and
there is no photometric excess. Although the coverage of the
falling phase of this outburst is incomplete, it is clearly many
times longer than the rising phase. This is the case with all
observed outbursts in this late-type star.
ABE-160
This system has one large photometric outburst (reaching
peak brightness near JD-2450000 = 6400), as well as a few
smaller ones (see Figure 17). Spectra taken during the falling
phase of the major outburst show a clear disk signature. The
emission strength relative to the local continuum decreases
slightly during the 27 day APOGEE baseline.
ABE-162
Similar to ABE-154, there is a clear outburst in photometry
seen in this late-type star. A spectrum taken prior to the out-
burst shows no sign of a disk in Br11, while spectra taken after
the outburst do indicate the presence of a disk, even after the
system has returned to its baseline brightness (see Figure 18).
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Figure 15. Same as Figure 3, but for star ABE-082.
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Figure 16. Same as Figure 3, but for star ABE-154.
ABE-164
This early-type system is very active in photometry, spend-
ing virtually no time in a photometrically quiescent state. Fif-
teen Hα measurements from BeSS span 5563 days, and all
show the presence of a disk, which varies significantly in
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Figure 17. Same as Figure 3, but for star ABE-160.
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Figure 18. Same as Figure 3, but for star ABE-162.
strength. The Hα EW spans an order of magnitude, ranging
between −1.24 and −23.53. The line strength reaches to over
four times the continuum level. Three Br11 measurements all
show a strong disk signature (see Figure 19).
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Figure 19. Same as Figure 4, but for star ABE-164.
ABE-167
Four BeSS spectra from between JD-2450000 = 2658 –
6024 show no sign of a disk. Some activity in the KELT
light curve begins near JD-245000 = 6250, with sparse pho-
tometric coverage prior to this point. As the system becomes
slightly brighter, the Br11 line shows variability, indicating
activity in the circumstellar environment. By JD-2450000 =
6715, the brightness is markedly above baseline and Hα is
clearly in emission. This system appears to grow a disk from
many closely spaced low-amplitude mass-loss events, rather
than from a singular well-defined event (see Figure 20). The
BeSS spectrum taken at JD-2450000 = 6682 is of low resolu-
tion, but does indicate the presence of emitting material. The
final two BeSS spectra show clear double-peaked Hα emis-
sion. A significant change in the V/R ratio is apparent be-
tween the second to last BeSS spectrum (JD-2450000 = 6715)
having V/R ≈ 1, and the final BeSS spectrum (JD-2450000
= 6718) showing clear asymmetry, with V/R > 1. With just
three days between these two spectra, the rapid change in the
V/R ratio likely has its origins in an asymmetrical inner disk
that is still in the process of circularizing. This hypothesis is
supported by the relatively high photometric state near these
epochs (implying a relatively dense inner disk), as well as the
high level of photometric activity (implying active episodes
of mass loss).
ABE-176
There are two groupings of APOGEE spectra, both with
simultaneous photometry. During the first grouping, the
double-peaked emission increases in strength, seemingly as-
sociated with increased photometric activity. The disk has
subsequently dissipated by the beginning of the second group-
ing, as the next four spectra (at JD0 +295, +349, +351, and
+352 days) show no disk. The final two spectra are preceded
by a photometric outburst and clearly show the presence of a
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Figure 20. Same as Figure 4, but for star ABE-167. The sharp feature in the
lower-left panel near velocity = 500 km s−1 is a detector artifact.
disk (see Figure 21).
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Figure 21. Same as Figure 3, but for star ABE-176. The feature at the violet
peak of the emission lines plotted in the bottom-left panel is a detector artifact
and is not astrophysical.
Outbursts and Disk Variability in Be Stars 17
ABE-184
This system is highly active in photometry and is often in
an outbursting state. A clear disk is present in all spectro-
scopic epochs, varying in strength. There is appreciable RV
variation, which is especially apparent in the first three spec-
tra (see Figure 22). One of the most RV-variable objects in
the APOGEE Be star sample, this is identified as a possible
binary in Chojnowski et al. (2017).
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Figure 22. Same as Figure 4, but for star ABE-184.
ABE-187
The light curve of this system lacks well-defined outbursts,
but there is stochastic variability that persists throughout the
entire observational baseline. All 10 APOGEE spectra show
a clear disk, as does the single low-resolution spectrum from
BeSS. The Br11 line is variable, but within a well-defined
“envelope.” The lack of variability in the Br11 envelope im-
plies that no significant changes in the inner disk occur. A
strong C i 16895 feature is present in all APOGEE spectra.
The very large peak separation, relative to the Br11 line, indi-
cates that it is formed in the circumstellar environment close
to the star. This seems to suggest that there is not a large gap
between the star and disk, possibly indicating that the disk is
fed nearly continuously (see Figure 23).
ABE-A03
This system has remarkably strong and persistent single-
peaked Hα emission (see Figure 24). The Br11 line is also
strong, with an interesting profile showing a strong violet en-
hancement at all epochs. The line changes little over the 58
day APOGEE baseline, despite the presence of an outburst
about 15 days prior to the final spectrum. The light curve
shows gradual dimming over the three KELT seasons, with
many outbursts interspersed.
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Figure 23. Same as Figure 4, but for star ABE-187. The Hα line is from a
low-resolution BeSS spectrum, and its features are not well-defined.
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Figure 24. Same as Figure 4, but for star ABE-A03.
ABE-A26
A high level of activity is obvious in the light curve of this
system (see Figure 25). Many high-amplitude outbursts occur
in rapid succession. This is viewed at a very low inclination
angle, as all spectra show single-peaked emission profiles.
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The disk is remarkably strong compared to other systems in
this sample, with the Br11 emission peak reaching to nearly
four times the continuum, and Hα reaching a peak around 10
times the continuum level.
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Figure 25. Same as Figure 4, but for star ABE-A26.
Table 2
Well-sampled and well-defined outbursts
ABE Rise Fall Amp. Rising Phase Peak Falling Phase Baseline Maximum
ID Time Time (mag) Begins Brightness Ends Brightness Brightness
(days) (days) (JD-2450000) (JD-2450000) (JD-2450000) (mag) (mag)
006 10 19 0.057 6157.9 ± 1 6167.6 ± 4 6186.9 ± 3 9.274 ± 0.005 9.217 ± 0.011
006 16 96 0.181 6510.4 ± 3 6526.4 ± 9 6622.0 ± 42 9.314 ± 0.006 9.133 ± 0.011
010 11 21 0.034 6958.4 ± 3 6969.3 ± 1 6990.0 ± 5 10.002 ± 0.002 9.968 ± 0.003
019 11 21 0.138 6936.6 ± 2 6947.2 ± 2 6968.5 ± 7 8.088 ± 0.011 7.950 ± 0.010
020 12 46 0.059 5682.3 ± 6 5694.3 ± 2 5739.9 ± 10 12.008 ± 0.008 11.950 ± 0.008
025 17 20 0.055 5114.1 ± 5 5130.9 ± 2 5150.6 ± 9 9.661 ± 0.005 9.607 ± 0.005
025 13 15 0.058 5228.8 ± 4 5241.8 ± 2 5256.6 ± 5 9.656 ± 0.005 9.598 ± 0.008
025 19 30 0.083 5523.8 ± 6 5543.3 ± 3 5573.7 ± 11 9.630 ± 0.005 9.546 ± 0.008
025 8 26 0.049 5833.6 ± 3 5841.4 ± 3 5867.4 ± 5 9.628 ± 0.003 9.579 ± 0.006
027 169 415 0.096 5483.9 ± 23 5653.3 ± 44 6068.0 ± 148 10.149 ± 0.008 10.053 ± 0.011
033 7 13 0.068 6188.9 ± 3 6196.2 ± 2 6209.7 ± 3 9.744 ± 0.006 9.677 ± 0.007
033 6 14 0.062 6211.3 ± 2 6217.1 ± 2 6231.2 ± 2 9.742 ± 0.004 9.680 ± 0.008
082 161 1281 0.317 5863.5 ± 199 6024.1 ± 172 7304.9 ± 192 11.075 ± 0.019 10.758 ± 0.051
098 6 14 0.137 6228.6 ± 1 6234.5 ± 1 6248.1 ± 3 7.588 ± 0.006 7.451 ± 0.017
098 6 8 0.048 6592.5 ± 1 6598.8 ± 2 6607.1 ± 2 7.569 ± 0.003 7.521 ± 0.003
105 15 31 0.235 6963.6 ± 3 6978.5 ± 2 7009.8 ± 5 9.407 ± 0.010 9.172 ± 0.007
138 5 6 0.101 6535.3 ± 2 6540.5 ± 1 6546.5 ± 2 8.588 ± 0.008 8.488 ± 0.008
138 5 16 0.096 6550.9 ± 4 6555.5 ± 3 6571.4 ± 4 8.592 ± 0.008 8.495 ± 0.012
154 9 150 0.143 4408.1 ± 4 4417.1 ± 5 4567.3 ± 43 10.896 ± 0.006 10.753 ± 0.010
154 18 42 0.068 4735.1 ± 4 4753.5 ± 9 4795.6 ± 17 10.898 ± 0.006 10.830 ± 0.011
154 22 130 0.148 5183.9 ± 5 5205.9 ± 10 5336.3 ± 45 10.873 ± 0.009 10.726 ± 0.017
154 6 34 0.083 5507.3 ± 2 5513.0 ± 2 5547.0 ± 6 10.885 ± 0.004 10.802 ± 0.010
154 14 110 0.140 6332.4 ± 5 6346.3 ± 7 6456.2 ± 58 10.883 ± 0.005 10.744 ± 0.013
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Table 2 — Continued
ABE Rise Fall Amp. Rising Phase Peak Falling Phase Baseline Maximum
ID Time Time (mag) Begins Brightness Ends Brightness Brightness
(days) (days) (JD-2450000) (JD-2450000) (JD-2450000) (mag) (mag)
160 91 419 0.204 6316.3 ± 48 6407.2 ± 44 6826.3 ± 123 8.249 ± 0.021 8.046 ± 0.026
162 34 74 0.162 6287.3 ± 13 6321.7 ± 6 6396.1 ± 26 10.162 ± 0.014 10.000 ± 0.010
164 8 15 0.289 6064.9 ± 2 6073.2 ± 2 6087.7 ± 5 7.480 ± 0.014 7.191 ± 0.017
164 22 40 0.341 6205.2 ± 3 6226.7 ± 2 6266.3 ± 15 7.463 ± 0.021 7.122 ± 0.020
164 13 13 0.125 6567.4 ± 2 6580.5 ± 2 6593.4 ± 2 7.431 ± 0.010 7.306 ± 0.010
165 64 310 0.098 6485.8 ± 46 6549.5 ± 37 6859.3 ± 48 8.532 ± 0.013 8.434 ± 0.021
176 124 265 0.046 5708.8 ± 69 5832.9 ± 37 6098.3 ± 88 9.566 ± 0.011 9.520 ± 0.016
184 13 32 0.116 4063.0 ± 3 4076.1 ± 6 4108.3 ± 10 10.119 ± 0.005 10.003 ± 0.023
184 6 6 0.066 4732.4 ± 3 4738.0 ± 2 4743.9 ± 3 10.098 ± 0.011 10.032 ± 0.010
184 5 7 0.065 4806.1 ± 1 4811.2 ± 2 4818.1 ± 4 10.116 ± 0.003 10.050 ± 0.010
184 12 32 0.152 4886.4 ± 4 4898.5 ± 6 4930.9 ± 6 10.135 ± 0.007 9.982 ± 0.033
184 7 10 0.092 5097.0 ± 2 5103.8 ± 1 5113.6 ± 3 10.083 ± 0.006 9.991 ± 0.012
184 3 7 0.050 5130.5 ± 1 5133.5 ± 1 5140.0 ± 2 10.096 ± 0.003 10.046 ± 0.011
184 8 29 0.256 5185.4 ± 2 5193.3 ± 2 5222.2 ± 7 10.084 ± 0.005 9.828 ± 0.018
184 3 8 0.056 5236.3 ± 1 5239.3 ± 2 5247.6 ± 3 10.073 ± 0.006 10.017 ± 0.009
184 9 10 0.095 5272.1 ± 2 5280.8 ± 3 5290.8 ± 2 10.058 ± 0.007 9.963 ± 0.018
184 4 30 0.157 5564.8 ± 2 5568.9 ± 2 5598.5 ± 5 9.982 ± 0.011 9.825 ± 0.013
184 7 13 0.108 5835.4 ± 1 5842.6 ± 2 5855.2 ± 3 10.058 ± 0.006 9.949 ± 0.008
184 10 19 0.101 5857.1 ± 2 5867.0 ± 1 5885.8 ± 8 10.062 ± 0.006 9.961 ± 0.009
184 7 13 0.149 6654.6 ± 3 6661.6 ± 2 6674.6 ± 4 10.101 ± 0.007 9.951 ± 0.010
184 10 10 0.134 6949.8 ± 2 6959.5 ± 1 6969.1 ± 3 10.120 ± 0.011 9.986 ± 0.010
184 10 22 0.234 6971.5 ± 3 6981.1 ± 1 7003.0 ± 9 10.076 ± 0.014 9.842 ± 0.011
A01 48 43 0.442 6159.1 ± 24 6206.8 ± 3 6249.4 ± 12 9.128 ± 0.029 8.687 ± 0.024
A01 6 9 0.079 6265.2 ± 2 6270.8 ± 3 6280.0 ± 3 9.163 ± 0.012 9.084 ± 0.019
A01 9 28 0.358 6280.8 ± 2 6289.9 ± 2 6318.0 ± 6 9.177 ± 0.013 8.819 ± 0.015
A01 16 38 0.301 6636.4 ± 3 6652.5 ± 3 6690.4 ± 8 9.161 ± 0.017 8.860 ± 0.011
A01 4 5 0.077 6982.5 ± 1 6986.5 ± 1 6991.7 ± 1 9.197 ± 0.005 9.120 ± 0.013
A02 19 81 0.046 6644.8 ± 8 6663.5 ± 3 6744.1 ± 42 8.378 ± 0.004 8.332 ± 0.003
A03 15 20 0.101 6200.0 ± 4 6215.1 ± 1 6235.6 ± 5 8.302 ± 0.009 8.201 ± 0.006
A03 4 11 0.085 6310.8 ± 3 6315.2 ± 3 6326.0 ± 4 8.313 ± 0.005 8.229 ± 0.013
A03 8 16 0.103 6672.4 ± 2 6680.0 ± 2 6696.0 ± 5 8.370 ± 0.005 8.267 ± 0.007
A03 5 3 0.071 6962.0 ± 1 6967.2 ± 1 6970.6 ± 2 8.391 ± 0.007 8.320 ± 0.007
A03 6 38 0.174 6973.7 ± 1 6980.0 ± 1 7018.0 ± 6 8.377 ± 0.009 8.203 ± 0.013
A16 8 48 0.178 5126.3 ± 2 5134.6 ± 3 5182.5 ± 17 10.582 ± 0.006 10.404 ± 0.012
A16 112 730 0.239 5682.4 ± 5 5794.2 ± 72 6524.0 ± 84 10.556 ± 0.005 10.317 ± 0.058
A20 4 25 0.067 5868.6 ± 3 5872.8 ± 3 5897.7 ± 9 8.053 ± 0.005 7.987 ± 0.010
A26 9 106 0.288 4066.4 ± 7 4075.5 ± 7 4181.3 ± 24 8.206 ± 0.016 7.918 ± 0.028
A26 18 14 0.184 4735.1 ± 3 4753.4 ± 3 4767.3 ± 10 8.304 ± 0.011 8.120 ± 0.013
A26 12 8 0.055 4798.0 ± 3 4810.2 ± 3 4818.1 ± 5 8.314 ± 0.005 8.259 ± 0.006
A26 7 13 0.268 4920.2 ± 4 4926.7 ± 5 4939.9 ± 5 8.348 ± 0.005 8.080 ± 0.019
A26 12 12 0.117 5186.7 ± 3 5198.7 ± 3 5210.9 ± 3 8.393 ± 0.005 8.275 ± 0.009
A26 8 9 0.091 5227.5 ± 4 5235.7 ± 2 5244.9 ± 4 8.398 ± 0.010 8.307 ± 0.010
A26 14 11 0.040 5496.2 ± 4 5509.7 ± 3 5520.8 ± 3 8.428 ± 0.005 8.389 ± 0.009
A26 7 9 0.041 5523.1 ± 3 5529.8 ± 4 5538.9 ± 3 8.425 ± 0.005 8.384 ± 0.007
A26 8 18 0.200 5560.4 ± 3 5568.4 ± 3 5586.4 ± 8 8.404 ± 0.006 8.204 ± 0.025
A26 9 8 0.136 5835.6 ± 2 5844.1 ± 1 5851.9 ± 4 8.373 ± 0.011 8.236 ± 0.018
A26 6 9 0.097 5867.4 ± 1 5873.3 ± 3 5882.3 ± 5 8.389 ± 0.009 8.292 ± 0.016
A26 5 10 0.059 5970.1 ± 1 5975.1 ± 2 5985.5 ± 3 8.419 ± 0.008 8.361 ± 0.018
A26 8 23 0.428 5988.8 ± 4 5996.8 ± 3 6019.5 ± 7 8.414 ± 0.016 7.986 ± 0.024
A26 6 13 0.146 6230.4 ± 2 6236.7 ± 3 6249.4 ± 4 8.357 ± 0.018 8.210 ± 0.021
A26 7 10 0.195 6261.0 ± 4 6268.2 ± 2 6277.8 ± 2 8.359 ± 0.009 8.164 ± 0.020
A26 10 20 0.363 6569.9 ± 2 6579.9 ± 2 6599.8 ± 4 8.396 ± 0.008 8.033 ± 0.018
A26 7 9 0.290 6656.1 ± 2 6663.3 ± 1 6672.7 ± 3 8.410 ± 0.019 8.120 ± 0.023
A26 11 21 0.261 6963.6 ± 2 6975.1 ± 2 6996.4 ± 3 8.239 ± 0.011 7.977 ± 0.017
A32 167 428 0.052 5337.7 ± 83 5504.6 ± 78 5932.7 ± 201 10.105 ± 0.006 10.053 ± 0.011
Table 2 Information about the rising and falling times and amplitudes, and their
uncertainties, for 70 well-defined and sufficiently sampled outbursts for 24 stars. The
values reported for the baseline and maximum brightness are in units of KELT
instrumental magnitude, after subtraction of a constant offset (in order to approximate
V-band magnitudes).
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Table 3
APOGEE + KELT Classical Be Star Sample
ABE STAR NOMAD Spectral Spectral Type Te f f APOGEE KELT First Last Number of
ID NAME V mag. Type Reference Class visits field KELT obs. KELT obs. Outbursts
003 HR 7757 6.55 B7Ve ARCES + AO late 11 N11 2007-05-29 2013-06-13 0
004 MWC 344 6.73 B0IIIe ARCES early 4 N11 2007-05-29 2013-06-13 0
005 Hen 3-1876 9.70 OB 1 unclassified 7 N11 2007-05-29 2013-06-13 0
006 MWC 615 8.08 B2Ve 2 early 3 S14 2010-04-11 2014-10-23 3
007 BD-05 4897 9.24 B8II/III 3 late 3 S14 2010-04-11 2014-10-23 0
009 TYC 3586-282-1 9.19 B8 4 late 15 N24 2012-03-23 2014-12-30 0
010 BD+50 3188 9.31 B3IIIe ARCES early 3 N24 2012-03-23 2014-12-30 3
011 TYC 3583-670-1 9.70 B3Ve ARCES early 3 N24 2012-03-23 2014-12-30 0
012 WISE J205547.33+504028.8 10.77 · · · New unclassified 3 N24 2012-03-23 2014-12-30 0
013 EM* CDS 1038 10.43 B7Ve ARCES late 17 S13 2010-03-19 2015-03-19 0
014 V2163 Cyg 6.93 B5IVe ARCES + AO mid 20 N24 2012-03-23 2014-12-30 0
019 BD+56 3106 8.18 B1IIIe ARCES early 7 N16 2012-05-21 2014-12-29 2
020 SS 412 10.53 OB:e 5 unclassified 32 S13 2010-03-19 2015-03-19 2
023 BD+44 709s 10.55 OB 6 unclassified 14 N17 2012-09-17 2014-12-29 0
024 TYC 1846-17-1 9.60 A3 4 late 13 N04 2006-10-26 2014-12-31 0
025 BD+29 981 9.16 B4Ve ARCES mid 12 N04 2006-10-26 2014-12-31 8
026 V438 Aur 8.02 B2V ARCES + AO early 12 N04 2006-10-26 2014-12-31 3
027 TYC 2405-1358-1 9.82 B4V ARCES mid 12 N04 2006-10-26 2014-12-31 1
028 MWC 794 8.09 B8Ve ARCES late 13 N04 2006-10-26 2014-12-31 0
029 BD+34 1307 9.17 B7Ve ARCES late 13 N04 2006-10-26 2014-12-31 6
030 BD+34 1318 8.81 B8shell ARCES late 13 N04 2006-10-26 2014-12-31 0
032 SS 453 10.20 Be: 5 unclassified 3 N24 2012-03-23 2014-12-30 0
033 BD+55 2936 9.25 B4Ve ARCES mid 3 N16 2012-05-21 2014-12-29 17
034 MWC 1085 8.79 B3Ve 7 early 3 N16 2012-05-21 2014-12-29 0
037 BD+31 1154 9.21 B8 8 late 14 N04 2006-10-26 2014-12-31 0
038 BD+22 3902 10.60 A3 9 late 20 N11 2007-05-29 2013-06-13 0
045 TYC 3692-1234-1 10.32 B7shell ARCES late 3 N17 2012-09-17 2014-12-29 0
046 V353 Per 9.06 B0III ARCES early 3 N17 2012-09-17 2014-12-29 0
047 BD+37 1271 7.31 B8Ve ARCES late 3 N04 2006-10-26 2014-12-31 0
048 BD+42 4162 8.92 B8shell ARCES late 13 N12 2007-06-08 2013-06-14 0
051 BD+21 3985 9.87 A0 9 late 3 N11 2007-05-29 2013-06-13 4
054 BD+22 825 6.52 B8Ve ARCES + AO late 12 N04 2006-10-26 2014-12-31 0
055 BD+04 1529 9.08 B8Ve AO late 15 J06 2010-03-02 2015-05-06 0
057 TYC 4056-415-1 9.29 B5Ve AO mid 3 N17 2012-09-17 2014-12-29 0
060 BD+38 1712 8.30 B8shell ARCES + AO late 3 N05 2006-10-27 2012-04-22 0
062 TYC 4060-96-1 8.40 · · · New unclassified 3 N17 2012-09-17 2014-12-29 0
063 TYC 158-270-1 9.42 B8III 10 late 15 S05 2010-02-28 2015-04-09 0
064 TYC 5126-2325-1 10.73 · · · New unclassified 3 S13 2010-03-19 2015-03-19 0
065 BD-06 4858 9.36 B9IV 3 late 3 S13 2010-03-19 2015-03-19 0
066 TYC 5121-940-1 10.30 · · · New unclassified 3 S13 2010-03-19 2015-03-19 3
067 HR 1047 5.90 B8Ve ARCES + AO late 8 N17 2012-09-17 2014-12-29 0
070 BD-09 4724 9.55 A0IV 4 late 2 S13 2010-03-19 2015-03-19 0
073 BD+54 2887 9.54 A0 11 late 3 N16 2012-05-21 2014-12-29 1
074 BD+38 3568 8.82 B8V AO late 18 N11 2007-05-29 2013-06-13 0
077 WISE J044231.14+383046.9 10.45 · · · New unclassified 6 N03 2006-10-25 2013-03-12 0
078 TYC 3975-1585-1 10.10 B8 12 late 3 N24 2012-03-23 2014-12-30 0
080 BD+44 3475 9.45 · · · New unclassified 3 N24 2012-03-23 2014-12-30 0
081 BD+57 21 7.52 B9V AO late 3 N16 2012-05-21 2014-12-29 0
082 BD+12 938 10.17 B3Ve ARCES early 9 S05 2010-02-28 2015-04-09 1
083 BD+13 976 9.99 A0 13 late 9 S05 2010-02-28 2015-04-09 0
084 MWC 683 8.98 B8Ve ARCES late 3 N16 2012-05-21 2014-12-29 0
085 NGC 457 198 8.85 B1.5Vpsh AO early 4 N16 2012-05-21 2014-12-29 0
086 TYC 3683-1262-1 9.84 B5Ve ARCES mid 4 N17 2012-09-17 2014-12-29 ?
088 MWC 10 6.84 B8Ve ARCES late 3 N16 2012-05-21 2014-12-29 0
089 TYC 4029-428-1 9.60 · · · New unclassified 3 N16 2012-05-21 2014-12-29 0
090 BD+66 64 8.59 B9 4 late 3 N16 2012-05-21 2014-12-29 0
094 MWC 671 8.85 B7Ve ARCES late 3 N16 2012-05-21 2014-12-29 0
095 BD+08 1343 8.91 A2 8 late 3 S05 2010-02-28 2015-04-09 0
096 BD+08 1366 8.51 B5Ve ARCES mid 3 S05 2010-02-28 2015-04-09 0
097 MWC 488 8.50 B6Ve ARCES mid 3 N04 2006-10-26 2014-12-31 0
098 BD+63 1955 7.22 B5V ARCES + AO mid 3 N16 2012-05-21 2014-12-29 1
099 BD+27 991 8.60 B6Vne: 14 mid 3 N04 2006-10-26 2014-12-31 0
102 TYC 2400-1784-1 10.40 · · · New unclassified 3 N04 2006-10-26 2014-12-31 0
105 BD+50 3189 8.65 B0II ARCES early 15 N24 2012-03-23 2014-12-30 6
107 TYC 3617-2074-1 10.11 · · · New unclassified 3 N24 2012-03-23 2014-12-30 0
108 BD+23 1295 8.63 · · · New unclassified 3 N04 2006-10-26 2014-12-31 0
109 BD+25 1244 9.73 A2 8 late 3 N04 2006-10-26 2014-12-31 0
111 AS 332 9.64 Be 15 unclassified 17 S13 2010-03-19 2015-03-19 0
113 BD+40 999 7.32 B8IV AO late 3 N03 2006-10-25 2013-03-12 0
128 HIP 91591 8.82 B8Ve 16 late 6 S13 2010-03-19 2015-03-19 0
129 GSC 05692-00540 10.45 B7 17 late 6 S13 2010-03-19 2015-03-19 0
130 GSC 05692-00399 10.51 B7 17 late 6 S13 2010-03-19 2015-03-19 0
131 BD-07 4647 9.64 B5 17 mid 6 S13 2010-03-19 2015-03-19 0
132 BD-07 4630 8.96 B9 17 late 6 S13 2010-03-19 2015-03-19 0
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ABE STAR NOMAD Spectral Spectral Type Te f f APOGEE KELT First Last Number of
ID NAME V mag. Type Reference Class visits field KELT obs. KELT obs. Outbursts
133 88 Her 6.91 B6IIInpsh AO mid 3 N23 2012-02-21 2014-11-30 0
134 WISE J182959.95-090837.6 10.76 · · · New unclassified 1 S13 2010-03-19 2015-03-19 0
138 V1448 Aql 7.57 B2IV AO early 4 S14 2010-04-11 2014-10-23 6
139 BD+10 3849 7.58 B9Vpsh AO late 4 S14 2010-04-11 2014-10-23 0
140 HR 7807 6.23 B2Vne AO early 4 N11 2007-05-29 2013-06-13 0
141 BD+27 3970 9.00 B7Ve ARCES late 4 N12 2007-06-08 2013-06-14 0
144 BD+30 3853 7.12 B6Ve ARCES + AO mid 3 N11 2007-05-29 2013-06-13 0
146 BD+26 1082 7.13 B9IV 18 late 3 N04 2006-10-26 2014-12-31 0
147 BD+42 3425 8.48 B9Va AO late 2 N11 2007-05-29 2013-06-13 0
148 BD+21 4007 9.68 B8 9 late 3 N11 2007-05-29 2013-06-13 0
150 WISE J184125.48-053403.7 10.90 · · · New unclassified 3 S13 2010-03-19 2015-03-19 0
152 SS 120 10.73 B8e: 19 late 4 J06 2010-03-02 2015-05-06 0
154 TYC 1310-2084-1 9.97 B8 11 late 4 N04 2006-10-26 2014-12-31 6
155 TYC 3692-1671-1 10.61 B3Ve ARCES early 3 N17 2012-09-17 2014-12-29 0
156 BD+55 2992 8.34 A2 8 late 3 N16 2012-05-21 2014-12-29 0
158 AS 478 9.79 B6Ve ARCES mid 3 N24 2012-03-23 2014-12-30 0
159 MWC 1062 8.80 B5:e 20 mid 3 N24 2012-03-23 2014-12-30 0
160 V433 Cep 7.81 B2.5V AO early 3 N24 2012-03-23 2014-12-30 4
161 TYC 3968-1354-1 10.57 OB- 21 unclassified 3 N24 2012-03-23 2014-12-30 0
162 BD+27 981 9.96 B8 13 late 3 N04 2006-10-26 2014-12-31 1
163 BD+52 3293 8.10 A0 8 late 3 N16 2012-05-21 2014-12-29 0
164 MWC 386 7.70 B0Ve ARCES + AO early 3 N24 2012-03-23 2014-12-30 10
165 MWC 1059 8.68 B2Ve ARCES + AO early 3 N24 2012-03-23 2014-12-30 10
166 TYC 4812-2496-1 9.97 · · · New unclassified 3 S05 2010-02-28 2015-04-09 0
167 MWC 153 7.84 B1Ve 2 early 4 S05 2010-02-28 2015-04-09 4
168 V747 Mon 8.22 B3IIIe ARCES early 4 J06 2010-03-02 2015-05-06 0
169 BD+22 1147 8.00 B9 8 late 6 N04 2006-10-26 2014-12-31 0
170 HR 2116 6.40 B8VSB2 ARCES late 6 N04 2006-10-26 2014-12-31 0
171 TYC 1326-1188-1 10.26 A2 13 late 6 N04 2006-10-26 2014-12-31 0
173 TYC 1283-1360-1 10.62 · · · New unclassified 3 S05 2010-02-28 2015-04-09 0
176 BD+37 1093 9.22 B2Ve ARCES early 11 N04 2006-10-26 2014-12-31 ?
177 BD+38 1116 9.65 B2.5Vne AO early 11 N04 2006-10-26 2014-12-31 0
179 EM* RJHA 51 10.56 B5Ib 22 mid 2 S05 2010-02-28 2015-04-09 0
180 EM* RJHA 40 10.61 B3Ib 22 early 2 S05 2010-02-28 2015-04-09 0
182 TYC 2934-118-1 10.24 B7Ve ARCES late 8 N04 2006-10-26 2014-12-31 0
184 BD+32 1046 9.79 B1Ve ARCES early 9 N04 2006-10-26 2014-12-31 25
185 BD+24 1043 7.56 B8Ve ARCES late 3 N04 2006-10-26 2014-12-31 0
186 BD+01 1699 9.67 B2II ARCES early 3 J06 2010-03-02 2015-05-06 7
187 MWC 135 8.92 B1IIIe ARCES early 10 N04 2006-10-26 2014-12-31 ?
188 MWC 795 10.44 B8Ve ARCES late 10 N04 2006-10-26 2014-12-31 0
196 VES 860 10.84 B8 23 late 9 N04 2006-10-26 2014-12-31 0
204 WISE J185142.47+134817.6 10.70 · · · New unclassified 1 S13 2010-03-19 2015-03-19 0
205 BD+03 3861 7.88 B8 24 late 3 S13 2010-03-19 2015-03-19 0
A01 MWC 5 8.02 B0.5IVe AO early 3 N16 2012-05-21 2014-12-29 13
A02 MWC 6 7.52 B3:Vne 25 early 3 N16 2012-05-21 2014-12-29 3
A03 MWC 80 7.16 B1Ve ARCES + AO early 3 N17 2012-09-17 2014-12-29 13
A04 MWC 494 7.95 B0Ve ARCES early 3 N04 2006-10-26 2014-12-31 ?
A05 MWC 125 8.38 B0Ve ARCES early 3 N04 2006-10-26 2014-12-31 0
A07 MWC 799 7.47 B1IV:p? 26 early 3 N04 2006-10-26 2014-12-31 0
A09 MWC 149 7.78 B1Vnne 27 early 3 S05 2010-02-28 2015-04-09 ?
A11 MWC 828 7.88 B0.5Ve 2 early 3 J06 2010-03-02 2015-05-06 5
A12 MWC 541 8.04 B1.5IVe 2 early 3 J06 2010-03-02 2015-05-06 4
A15 MWC 549 8.70 B1Venp ARCES + AO early 3 J06 2010-03-02 2015-05-06 0
A16 AS 367 8.96 B3Ve 28 early 3 N11 2007-05-29 2013-06-13 4
A17 MWC 998 8.19 B6Ve AO mid 3 N11 2007-05-29 2013-06-13 0
A18 MWC 362 8.02 B5V AO mid 7 N24 2012-03-23 2014-12-30 0
A19 MWC 640 7.21 B1IIIe ARCES early 3 N12 2007-06-08 2013-06-14 0
A20 MWC 370 7.64 B1.5Vnpe AO early 3 N12 2007-06-08 2013-06-14 ?
A21 MWC 649 8.70 B3e 29 early 3 N24 2012-03-23 2014-12-30 0
A22 AS 483 9.63 B1.5V:nne: 26 early 3 N24 2012-03-23 2014-12-30 0
A24 MWC 752 7.53 B8Ve ARCES late 5 N04 2006-10-26 2014-12-31 0
A25 MWC 753 9.58 B6Ve ARCES mid 5 N04 2006-10-26 2014-12-31 0
A26 MWC 109 7.85 B1.0II/IIIe ARCES + AO early 4 N04 2006-10-26 2014-12-31 40
A27 EM* CDS 496 8.67 OB 30 unclassified 4 N04 2006-10-26 2014-12-31 0
A28 MWC 786 8.08 B2:V:nep 31 early 3 N04 2006-10-26 2014-12-31 ?
A29 MWC 127 7.58 B3Ve ARCES early 3 N04 2006-10-26 2014-12-31 6
A30 MWC 128 7.36 B2:Vnne 25 early 3 N04 2006-10-26 2014-12-31 ?
A31 MWC 129 7.69 B2Ve ARCES early 3 N04 2006-10-26 2014-12-31 ?
A32 IGR J06074+2205 10.19 B0.5Ve 32 early 3 N04 2006-10-26 2014-12-31 3
A34 AS 118 7.64 B1IIIe ARCES early 3 N04 2006-10-26 2014-12-31 8
Q01 MWC 1016 7.09 B0.2III AO early 4 N11 2007-05-29 2013-06-13 0
Q02 Hen 3-1880 9.39 B8 19 late 4 N11 2007-05-29 2013-06-13 0
Q03 BD+36 4032 7.57 O8.5III 33 early 4 N11 2007-05-29 2013-06-13 0
Q05 BD+00 1516 9.32 B9 34 late 7 S05 2010-02-28 2015-04-09 0
Q07 VES 95 10.53 B7IIIn 35 late 3 N11 2007-05-29 2013-06-13 0
Q08 BD+21 4017 9.48 B0 36 early 3 N11 2007-05-29 2013-06-13 0
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Q09 MWC 1120 7.47 O6.5nfp 37 early 3 N16 2012-05-21 2014-12-29 0
Q11 MWC 670 9.52 B9 20 late 13 N16 2012-05-21 2014-12-29 0
Q13 EM* CDS 144 10.50 B 21 unclassified 4 N17 2012-09-17 2014-12-29 0
Q14 EM* CDS 427 10.15 B8 9 late 3 N03 2006-10-25 2013-03-12 0
Q15 MWC 475 8.25 B3V AO early 3 N03 2006-10-25 2013-03-12 0
Q16 EM* CDS 468 8.97 B1V AO early 9 N04 2006-10-26 2014-12-31 0
Q17 SS 20 7.75 B5III AO mid 7 N03 2006-10-25 2013-03-12 2
Q18 AS 128 9.61 B5 34 mid 12 S05 2010-02-28 2015-04-09 0
Q20 EM* CDS 487 6.63 O7.5(f)II AO early 5 N04 2006-10-26 2014-12-31 0
Q23 EM* CDS 1299 10.24 OB-e: 30 unclassified 3 N24 2012-03-23 2014-12-30 0
Table 3 References. (1) Nassau & Harris (1952); (2) Fre´mat et al. (2006); (3) Houk &
Swift (1999); (4) Skiff (2013); (5) Stephenson & Sanduleak (1977a); (6) Reed (2003); (7)
MacConnell (1968); (8) Ochsenbein (1980); (9) Nesterov et al. (1995); (10) Voroshilov
et al. (1985); (11) Kharchenko (2001); (12) Alknis (1958); (13) Fabricius et al. (2002);
(14) Clausen & Jensen (1979); (15) Bopp (1988); (16) Grillo et al. (1992); (17) Roslund
(1963); (18) Grenier et al. (1999); (19) Stephenson & Sanduleak (1977b); (20) Merrill &
Burwell (1949); (21) Hardorp et al. (1959); (22) Sebastian et al. (2012); (23) McCuskey
(1959); (24) Uzpen et al. (2008); (25) Guetter (1968); (26) Morgan et al. (1955); (27)
Turner (1976); (28) Radoslavova (1989); (29) Merrill et al. (1942); (30) Wackerling
(1970); (31) Christy (1977); (32) Reig et al. (2010); (33) Negueruela (2004); (34) Cannon
& Mayall (1949); (35) Turner (1993); (36) Popper (1950); (37) Walborn et al. (2010)
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